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PREFACE TO FIRST EDITION 


In bringing forward yet another book on the subject which, 
for want of a brief comprehensive title, I have been compelled 
to describe as Ions, Electrons, and Ionizing Radiations it seems 
desirable to indicate briefly the purpose it is intended to fulfil. 
It IS not a popular exposition of the “new Physics,” nor is it 
a compendious synopsis of the whole subject. The subject is 
111 fact now so extensive that it is doubtful if such a treatise 
could be produced in less than half a dozen volumes The 
present volume is intended solely as a text-book from which 
students who have been grounded in the more elementary 
portions of Physics might obtain a systematic knowledge of 
its latest developments The subject has now reached such 
dimensions that a student enteimg upon it for the first time 
needs the same help and guidance which is already provided 
for him in other branches of Physics by numerous text-books, 
elementarj* and advanced. This need I have attempted to 
supply. 

In doing so I have found myself compelled to exercise the 
liberties which the writer of any text-book must take with his 
material, if his purpose in writing is to be fulfilled. I have 
selected freely from the great mass of experimental researches 
and theories the most fundamental, most important, and best 
established, and have arranged them in the older which seemed 
most straightforward and easy for the student The great 
classical experiments in the subject I have endeavoured to 
describe in some detail, exactly as they were first performed. 
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even when their method has been improved upon by later 
experimenters. Expeiiraeiits such as those of Sir J. J. Thomson 
on the cathode rays, and Kaiifmann on the variation of mass 
with velocity, like Faraday’s experiments on electromagnetic 
induction of currents and Joule’sdetermmation of the Mechanical 
Equivalent of Heat, are landmarks m the history of progress 
and should be preserved as far as possible intact. In the case 
of many less epoch-making experiments I have felt at liberty 
to omit or to modify unimportant details where such changes 
seemed necessary to make the principles involved cleaier to 
the student 

In the same way I have simplified the mathematical treatment 
of the subject wherever possible, not merely in the interests 
of students whose mathematical equipment is not very extensive, 
but also because I have found in practice that even m the case 
of students who aie better equipped a real understanding of 
the argument and of the physical principles involved m it is more 
readily attained if the mathematical analysis is not too com- 
plicated The ability to reproduce several pages of mathematical 
symbols is no measure of, and certainly no adequate substitute 
for, a real understanding of the nature of the argument. 

Within its limits it is hoped that the present volume 
furnishes a reasonably complete account of the present state of 
the subject, that nothing of real importance has been omitted,, 
nor too many unimportant details included, to the confusion 
of the clear outlines of the subject 

In a book which from its nature lays no claim to originality, 
no detailed bst of acknowledgements is requued I have con- 
sulted freely all the books and memoirs given in the list of 
references at the end of this volume, together with iiuuierous 
original papers and memoirs on the subject. I am, perhaps, 
even more indebted to that fund of information and ideas. 
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which IS acquired almost unconsciously by one who has had 
the privilege of working in the Cavendish Laboiatoiy under 
Professor Sir J. J. Thomson, and of enjoying there the con- 
versation of many of those whose researches have made the 
present volume possible I should also like to express my 
best thanks to Mr G T R Wilson for allowing me to reproduce 
the photographs of tracks of lonuiing particles which form 
figures 16, 17 and 18, and to Mr E Y Appleton for his kindness 
in reading the proofs. 

J A C 

Cambridge, 

Antntaf, 1919 


PEEPAOE TO FOURTH EDITION 

It is, ]ierhap&, a moot point whether the recent additions to 
our knowledge of the subject matter of this volume have been 
greater on the experimental or on the theoretical side. Taken 
together they constitute a mass of material which, while it 
emphasises the need for a text-book alluded to m the preface to 
the first edition, makes the task of providing such a book one 
of increasing difficulty The pnhhshers have very kindly allowed 
me a perfectly free hand in the preparation of this fourth edition, 
and I have availed myself very freely of the opportunity thus 
afforded 

The cliaptei on X-iays, and that on the Electron Theory of 
Matter, have been practically rewiitten, and much enlarged, and 
extensive additions and alterations, illustrated by new diagrams, 
have been made to most of the other chapters I should like 
here to express my thanks to Dr G. Shearer for the X-ray 
spectrogram (Pig 45) and to Dr Aston and the Pubhsheis for 
permission to leproduce the Mass spectrogram (Fig 46) New 
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sections have been added deahng with ionization and resonance 
potentials, with Langmuir’s theory of thermo-electric emission, 
with the colhsion of a-paiticlos with atoms and the structure of 
the nucleus, with Kllis’s important investigations into the y-ray 
spectrum, and with the eimssion of electrons both by light and 
by X-rays Parts of the subject which have come into greater 
prominence since the book was first woutten have received fuller 
treatment, while sections deahng with subjects which now appear 
to be of less vital importance have occasionally been compressed, 
or eliminated Emphasis has been laid throughout on the 
quantum hypothesis, and in particular on its experimental basis, 
and a far fuller account than was possible in the earlier editions 
has been given of its applications to the theoiy of atomic 
structure These extensive changes have necessitated the re- 
numbering of the paragraphs and figmes piactically throughout 
the book 

Befereuees have been added to the various chapters, but these 
lay no claim to completeness Where choice was possible, 1 have 
selected the papers most likely to he readily available to English- 
speaking students Full bibliographies are usually to be found 
in the works quoted under the heading General Eelerences 

While it would perhaps be too much to expetfo that the 
author’s selection of material from so vast a store will meet 
with iimversal approval m every detail, it is hoped that the 
volume, m its uew edition, reflects faithfully once more the stand- 
point of modern physics, and that it will prove itself a useful 
guide and companion to students commencing the study of this 
most fasematmg and vigorous branch of science 

J A. 0. 

UmVEEsrav CoLUBeB, 

READma. 

September, 1924 
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CI-TAPTER I 


INTRODUCTION 

1 Electrons The phenomena -which lorm the subject of 
the piesent text-book have been, in the main, hiouglit to 
light within the last thiity ycais, and represent a mass ot 
research which in its volume and its lapidity of giowth is 
unprecedented in the annals of physical science Pi ogress has 
been made upon three main lines, but these aie so intermingled, 
and break in upon each other and support each other at so 
many points that it is impossildo to deal with one witliout 
assuming at least a casual actjuaintance with the mam results 
of the others Owing partly to the newness of the subject, but 
mainly to its magnitude the accounts given of the subject in 
text-books on geneial electncity arc usually somewhat inade- 
quate, and such knowledge cannot be postulated m a student 
of physics who approaches the subject as a whole for the hrst 
time It will be desirable therefore before commencing a detailed 
study of the phenomena to state broadly the results and con- 
clusions at jyhich we hope to arrive 

Historically the subject may be said to have taken its origin 
in experiments on the discharge of electricity through gases 
at low pressure contained m some form of discharge tube 
When a high tension discharge is sent through a gas at low 
pressure (say some fiaction of a milhmetie of mercury) the 
gas becomes luminous shewing a series of glows and striae 
(see Fig. 31), which aie often very beautiful, but which, at the 
time of their discovery, were very difficult to explain on the 
current theories of the time If the piessiii e is sufficiently low, 
a series of stieameis known as the cathode rays can be observed 
pioceeding in straight lines from the cathode and crossing the 
other glows in the tube Tho expeiiraents of Sir William 
Crookes led him to the conclusion that these rays were material 
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was placed beyond all leasonablc doubt by the experiments 
of V T B Wilson, who shewed that these ions could seive as 
nuclei foi the condensation of drops of watei in a supeisatiirated 
space The ions were thus rendered visible by the deposition of 
the water upon them, and could readily be observed, and even 
pliotogiaphcd Photographs such as that of Fig 17, which 
represents the track of a cathode particle through air, make 
it certain that the pioduction of conductivity in a gas by these 
loni/ing ladiations is due to the formation in the gas of definite 
charged systems, 

3 Radio-active substances and their radiations. The 
discovery of X-rays and the somewhat startling manner in 
winch these rays were able to penetrate considerable thicknesses 
of materials which were opaque to ordinary light naturally 
led to an exhaustive seaich among natural substances to see 
if any of these eniitted ladiatioiis having properties at all 
resembling those of X-rays The leseaich was puisiied with 
vigour hy Eecqnerel and afterwards hy the Cuiies, and led to 
the discovery that radiations possessing the properties of 
penetrating opaque substances and of causing conductivity m 
gases weie emitted by the salts of uranium and thorium. The 
subsequent observation that naturally occurring oies of uiamum 
were several times more active than the metal itself led to 
the isolation of radium, and subsequently of other ^milar sub- 
stances which were found to possess these properties in a 
very remarkable degree Substances which are capable of 
emitting spontaneously these ionizing radiations are classed 
together under the title ladto-adive suhslmices 

It has been shewn that each radio-active substance is a definite 
chemical element, and that its activity is due to a spontaneous 
decomposition or disintegration as it is usually termed of the 
radio-active atom into one of smaller weight, the process 
taking place according to definite laws which have been detei- 
ramed. Thi.s naturallv leads us to the view that the atoms of the 
various chemical elements are not essentially difterent m kind 
but represent complex systems bmlt up out of one or two 
elementary forms according to certain definite laws 
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On lurtlier investigation it was found that the lays given 
out by these radio-active substances were of three kinds, which 
were denoted by the non-coniuiittal symbols a, /?, and'y. This 
nomenclatuie is convenient and has been retained. All three 
types possess in common with X-rays the. properties of con- 
verting a gas into a conductor, of affecting a photographic 
plate, and of causirtg luminescence in a fluoiescent screen. 
In other respects however they differ very markedly in their 
pioperties. 

The a-rays weie found to be positively charged and were of 
the size of atoms They have recently been proved to consist 
of helium atoms which have lost two elections and thus possess 
a positive charge oi 2 x (4-77 x or 9 5 x 10"^® c s.u. They 
are veiy easily absorbed in matter being completely stopped, 
by 1/lOtli mm of alumimuni or a few centimetres of air at 
atmospheric piessure They jiroduce very intense loniration 
111 the gas thiough which they pass. Their velocity depends on 
the substance from which they aie ejected, their nature is 
always the same 

The ^-rays on the other hand carry a negative charge They 
can penetrate much greater thicknesses of matter than the 
a-rays, producing measurable efiects through a thickness of 
even a centimetre of aluminium The loni/ation they produce 
in a gas is however small compared with that of the a-rays. 
Their natui^e is found to be identical with that of the cathode 
lays. They consist of electrons, carrying the universal electronic 
charge, and differ from the cathode rays only m velocity 
Whereas it is difficult to obtain cathode lays with a velocity 
much greater than one-tenth that of light, the j3-rays from 
radium possess velocities which range up to within one or 
two per cent of that of light itself. 

The y-rays are exceedingly penetrating, those from radium 
producing quite measurable effects through a thickness of 
20 or 30 ems of iron Their ionizing power is small, as the 
fraction of then energy which can he absorbed by any reasonable 
thiclcncss of gas is minute They are now known to be pulses 
m the ether of very short wave length (about 10~® cm ). X-rays 
are also ether pulses but of a considerably longer wave length , 
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generally about 10"® cm Tlie y-rays and the X-iays thus 
represent the c'ctreine cud ol the electromagnetic wave scale, 
in other woids, they aie ultra-violet rays of extremely short 
wave length Between the radiations usually denoted as 
ultra-violet and X-rays there is however a wide gulf, the 
shortest ultra-violet rays at present known having a wave 
length of rather more than 10~® cms. Radiations of intei - 
mediate wave length have been produced in high vacua, hut 
piactically nothing is known of then properties In spite of 
this wide gap we shall see that these ultra-violet rays have many 
properties in common with X-rays, including the pioperty of 
producing conductivity in a gas. 
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?AS(:5AaE OF A CURT! ENT TlIROUmi \N IONIZER GAS 

4 Conductivity of gases m tlie normal state A gas 
111 its normal state is one of the best insulatois of elecliicity 
known. It was indeed for a long time a moot point whethei 
gases conducted electricity at all, and whothei the giadual 
loss of charge which always occurs with charged bodies might 
not be due to slight defects in the insiilnling qualities ol tlie 
solid materials used to support 
the body The matter was 
settled by 0 T B Wilson 
using the ingenious apparatus 
shewn in Fig 1 The gas is 
enclosed in a laige sjiherical 
vessel which is silvered iinside 
to make it conducting The 
charged system takes the foim 
oi a biass lod carrying a pair 
of thin go]j(l leaves In this 
way the charged body is 
made to seive as its own 
elecLioscopo. Since the elec- 
trical cajiacity of a system 
such as this is very small, 
a verv small loss of chaige will be sutHcient to produce a large 
fall of potential, and hence a cousideiahle movement ol the 
gold leaves, which woio closclj’’ observed with a long focim 
microscope having a micrometer scale in the eve piece. The 
apparatus was thus exceedingly sensiti\e 

The end of the rod carrying the gold leaves was fused into a 
block of sulphur S, sulphur when carefully piepared being an 
exceedingly good insulator The sulphur block was supiioited 
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hy anothci Lia.ss rod E jjassing through an chouito cork in the 
neck ol the vessel 

The lod E IS charged to some suitable potential (about 400 
volts) and is niaiutaiiicd at this potential throughout the 
experiment, most conveniently by connecting it to one end of 
a cabinet of small accumulator cells, the other teiiniiial of 
which IS connected to the silver coating of the vessel Contact 
between E and the gold leaves can be made, when required, 
by means of the fine iron wire W which can be attiacted by a 
magnet so as to touch the gold leaf system, and then allowed 
to fly back leaving the lattei perfectly insulated. The gold 
leaves aie then at the potential of E 

Since the lattei remains at the same potential thioughout, 
any leak across the sulphur plug will only tend to keep the 
deflection of the leaves at then original value Any loss of 
chaigc must take place therefoio across the gas Even under 
these circumstances it was found that the leaves gradually 
became discharged, the loss ot charge per second being about 
10“® V electroslatic units ol charge wheie V is the volume of 
the vessel 

We see theicfoie that even in its normal state a gas allows 
the passage of a small current ol electricity. Under certain 
circumstances, however, the gas acquires a conductivity many 
times greater than the normal, and these currents have acquired 
consideiable impoitance in the development of modeyn electrical 
Iheoiy. 

If, for example, a quantity of radium is brought near the 
electroscope of Eig 1, the loaves collapse with considerable 
rapidity and similar efleels are obseived if an X-ray tube is 
worked in the vicinity Uasos drawn from a Bunsen flame 
also possess tempoiaiily the power to discharge a conductor, 
and this capacity is enormously increased if the flame is fed 
nith a volatile salt such as sodium or potassium chloride 

The power to discharge a conductor peisists in the gas lor 
some little time aftei the active agent has been removed, and 
IS tiamsferied Aom place to place with the air Thus if air 
from a Bunsen flame (Eig. 2) is drawn in a continuous 
current into an electroscope, the latter will be dischaiged. 
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If, ]iowever, the gds is filtered through tightly packed glass 
wool or passed through water the effect disappears, and 
it can also be removed 
by subjecting the gas 
to a stiong electiic field. 

It disappears spontan- 
eously if the gas IS 
allowed to stand for a 
few seconds 

6. Ionization theory 
of gaseous conduction. 

The phenomena of the 
passage of electi icity 
through gases can best 
bo explained by assiiining that charged systems are set up lu 
"*^the gas by the action of the various agencies, and that these 
charged systems or gaseous ions, as they are called, convey 
the current across the gas by moving in opposite directions 
through the gas under the action of the electrostatic field set 
up by the charged body, in much the same way that a cun'ent 
IS conveyed through the solution of an electrolyte by the 
motion of the positively and negatively chaiged electrolytic 
ions 

Thus if t^ie body lias a positive charge and is suiiounded 
by a gas containing gaseous ions the negative ions will he 
attracted to the body, and giving up then charges to it will 
gradually bring about its discharge The diflereuce between 
olectiolytio and gaseous conduction which expenmontally is 
very maiked is due to two principal causes In the first place 
the electrolytic ions are formed by the meie piocess of solution 
and peisist so long as the salt lemains dissolved, while the 
gaseous ions are only formed by the action of an external 
agency, which we may call the ionizing agent, and giadually 
disappear when the latter is removed In the second place the 
number of chaiged systems piesent in a gas under the most 
intense ionizing agent is only a very small fraction of those 
present even in very dilute electrolytic solutions. 




6 Methods of measuring the current through a gas 
Before pioceecling to descii])c tlic phenomena attoudnig the 
passage of an electiie cm lent through gases it will be convenient 
to explain briefly the methods available foi nieasuiing such 
currents The cuirent thiough a normal gas is as wo have 
seen about 10-® electroslatic units (e s u ) per nmt volume 
11 the volume of gas is one htie this coircsponds to a 
current of e s u , since cuiient is the late of flow of elec- 
tricity. The current through the gas is thus equal to 
10~®/3 X KT" in absolute electiomagnctic units (e m u ), that is 
I X e m u or about 3‘3 x 10~^® ampeies This is at least 
ten thousand times smaller than the smallest current which 
could be detected on oin most sensitive galvauoraetors Thus 
even if the conductivity of the gas is incieased a thousand 
told by the ioni/ing agent the cuiieiit will still be beyond the 
range of a galvanometer 

Let Q be the charge at any instant on an electrical conductor 
of cajiacity 0. The potential of the conductor is given by the 
equation Q = G V 

The current i through the gas at any instant is given by the 
rate of loss of charge of the conductor. Thus 

* = clQjdl - 0 dVjdt (1) 

since the capacity 0 is constant 

Thus if the rate of loss of potential can bo meag,urod, as for 
example by megsuiiiig the rate of collapse of the leaves of an 
electroscope, the current thiough the gas can be calculated 
when the capacity of the chaiged system is known This 
method was employed b}’- Wilson m his measurements on the 
conductivity of a noimal gas alieady described. 

In this foi ill of measurement the potential across the gas must 
be adjusted to suit the instiuinent used Thus il the gold leaf 
electroscope iwpiues a jiotential difteiciice of, say, 100 volts 
to produce a sensible deflection of the leaves we cannot work 
with potential difteiciices of less than this amount It is often, 
therefore, more convenient to measiue the rate at which an 
insulated conductor leceives electric chaige from the gas under 
the action of a field supplied by another electrode immersed 
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in the gas Tlie cuiieiit ivill agdin be measuied by i — 6' dVIdt 
as before, where 0 is the combined capacity ol the receiving 
electrode and the nieasunng rnstiumeiit, and dV/dl the rate 
at which the potential of the latter increases. 

7. Measuring instruments The nistrumente u.sed m 
practice aio either the Dolezalek electrometer or .some form of 



Eig 3 

gold leaf electroscope. The Dolezalek electrometer (see 
Fig 3) IS an mipioved foini of the (jiiadiant cloctiometer 
described in the text-books on electrostatics, in which special 
attention is paid to obtaiiimg not only a high degree of sensitive- 
ness but also a small capacity The (juadiants are small and 
arc carefully insulated on aniher supports The needle is made 
as light as possible and supported hy a fine strip of phosphor 



bronze The iuhtiuinent is used beterostatically, the needle 
being kept at a constant potential of about 120 volts by means 
of a cabinet of small accumiilatois. These cabinets are of the 
greatest service in work of thi.s kind and generally consist of 
500 cells an angcd so as to give any voltage in steps of 2 volts 
up to a niaxiiniim of 1000 volts One pair of quadrants of the 
electrometer is connected to the electrode at which the cunent 
IS to be measiiied, the other pan being permanently earthed. 
If the collecting electrode is initially eaithed, the rate of increase 
of deflection of the needle is proportional to the rate of rise of 
potential of the insulated quadrants, that is, to dV/d(, 



If the deflection is measured by a reflected beam of light 
in the usual way, a deflection of 1000 mm. per volt can be 
obtained on a scale placed one raetie from the instrument 
The capacity of the electrometer is generally of the order of 
50 e s u. 

The gold leaf electroscope One form of electroscope 
has already been described and is still largely employed for 
certain classes of measurement A more sensitive form, also 
due to 0. T H. Wilson, is the tilted electroscope (Fig 4) In 
this instrument the gold leaf which is initially at zero potential 
IS attracted outward from the vertical position by a plate 
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which IS ohaiged to some constant potential, usually about 
160 volts, by a cabinet oi cells. II the plate is positively charged 
a small negative potential on the leal will cause it to be attracted 
still further towards the plate, while a small positive potential 
will cause it to move towaids the veitical position The position 
of the gold leaf is road by a micioscope with micionietei eye- 
piece For certain potentials of the plate, and loi a certain 
position of tilt of the mstmment, generally about 30° as m 
the figure the leaf becomes almost unstable and in this state 
is very sensitive to slight changes in the potential The best 
conditions can only be iound by expeiiment, and the iiistnmiont 
needs an apprenticeship. In slalled hands how'ever it is capable 
of very accurate lesults A sensitiveness of ‘200 divisions per 
volt can bo obtained, and the capacity can be made very small, 
it need not exceed one or two electiostatio units 

Comparison of the relative sensitiveness of the elec- 
trometer and electroscope A compaiison of the two instru- 
ments affords a useful exercise m the piuiciples of the method 
of measmement Lot us assume that the electiometer gives 
a deflection of 1000 divisions pci volt, and the electroscope 
200, and that in each case a rate of deflection of one division 
in 10 seconds can be measured In the case ot the electiometer 
this corresponds to a value of dVjil of 10~^ volts per second. 
The capacityr,of the instiument is, say, 50esu, or since one 
farad or practical unit of capacity is e(|ual to 0 x 10^^ e s u. 
the capacity of our electrometer is or appioximately 

6 X 10~“ farads The smallest curicnt which can he measuied 
with accuracy is therefore 6 x 10~^ x 10~^ that is 6 x 10~^° 
ampeies 

For the electroscope the rate of change of potential is on the 
same assumptions 1/2000 volt per sec, while the capacity is, 
say, 2 c s u , or about 2 x lO"^^ farads. The smallest measure- 
able current is thus 2 x 10“^^ y or 10-^® amperes Thus, 
although the electrometer is more sensitive as regards potential, 
the electroscojie is more sensitive to curient, owing to its smaller 
electrostatic capacity. 
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8. The ionization chamber. The actual form of the vessel 
used for containing, and applying a field to, the gas varies veiy 
much with the natuie of the ellect to he observed, A suitable 
foim foi investigating the variation of current with potential, 
and for many othei expeiimeiits in which the field needs to 
be definite, is shown in Fig 5 

The gas under investigation is contained in a metal box 
which is connected to eaith, thus seiving to shield the electrodes 
A and B from any stray electrostatic field For a similar reason 
the wire leading fiom the insulated electrode A to the eleclio- 
meter should also be suriouuded by an earthed metal tube 
(not shcAMi in the diagram) The electrodes are placed paiallel 
to each other a few ceiitimeties apart, A is connected to one 



])nir of quadrants of an clectrometei, or to the leaf of a tilted 
electioscopc, and B is laisod to any required potential by means 
of a cabinet of cells The system A can be placed at zeio poten- 
tial by means of a key which can be eartli-connocted. When 
the key K is laised the system A is completely insulated, and 
begins to charge up with electricity of the same sign as the 
potential of B If K is connected to a potentiometer, instead 
of directly to eaith. the system A wiih its attached (juadrants 
can be raised to a suii.able Iviiown potential, and thus the electro- 
meter can be calibiated, a process which needs to be repeated 
ficquently with these sensitive instiuments 
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The ionizing agent may bo enclosed in tbe box, but it is 
genoially nioie convenient to have it outside, in which case 
a window W ol some substance transparent to the loiii/ung 
lays, and geneially consisting of a very thin slieet of aluminium 
foil, must bo made in the side of the box The electrodes aie 
insulated fiom the box by insulating stoppers S, S. The 
insulation of A is very important, and should bo of amber, 
sulphur, 01 qiiaitz The box and its electrodes forms what is 
known as an lomzahon chamber 

Suppose B IS now raised to some constant potential, say, 
200 volts positive, while A is earthed by the key K, and the 
gas exposed to the action of the ionizing agent. The ions in 
the gas begin to move under the action of the field between 
the plates, the positive towards A, the negative towards B. 
As long as the wire K remains in the nicrcuiy cup, the potential 
of A icninnis zeio As .soon as it is withdrawn A begins to 
chaige up jiositivoly, and the needle of the eloctionietei begins 
to move Let 6 be the time taken for the needle to reach the 
deflection corresponding to a potential V Then il C is the 
capacity of A and its connected qiiadiants, etc , the average 
ciii'ient tluoiigh tlie gas is given by 



The aciual jrotcnti.il coiie.sponding to a given dcHccIron can 
easily be foiii;^ by lowering tlie key A' again into the nieicury 
cup, and sliding the end of the wire connected to K along 
the potentiometer wire until the deflection reaches the given 
value The coi responding potential can then be read off on the 
potentiometer For very accniate work, paiticulaily with 
electi 08 co]ies, it is generally dcsiiable to repeat this calibration 
after every reading 

9. Variation of the current with the potential across 
the gas Suppose now the potential of B is gradually changed . 
For simplicity ive will suppose that the maximirin voltage 
acquired by A in chaiging up is not allowed to rise sufficiently 
to afleot materially the potential diflerence between the plates. 
We can then .study the magnitude of the current through the 
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ionized gas loi different potential differences between the plates. 
In the ease of a metallic conductor or oi an electrolyte with 
noii-poknzahle electrodes, the lelation is expressed by Ohm’s 
law, that IS, the cuiient is simply proportional to the potential 
difference The relation for a gas is, howevei, more complex, 
and IS represented by a curve such as that of Fig 6 which 
is plotted from an actual set of readings 
At first, and for very small voltages, say, less than one volt, 
the cuiieiit is approximately proportional to the applied 
potential difference that is at this stage the gas obeys Ohm’s 
law, though probably not with the same degree of accuracy 
as a metallic conductoi As, however, the potential of B is 



raised above a certain value rvhieh depends on the natuie and 
pressure oi the gas, the distance apart of the electrodes and the 
intensity of ionization, a stage is reached when the current 
falls appreciably below the value which would be given by 
Ohm’s larv 

If the potential is pushed still higher a point is reached at 
which further increase in the potential of B produces no fiuthei 
increase m the cuiicnt through the gas After this point Ihe 
cimenl is mdependenl of the voltage This maximum current is 
culled the saimaUon ciiueni through the gas, and the potential 
necessary to pioduce this current is known as the saturation 
voltage. The actual value of the saturation voltage depends 
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upon tlie distance apait of tlie electiodes, and the intensity of 
the loni/ation in the gas Except in cases of veiy intense loniza- 
tioU; a field of from 20 to 30 volts pci cm between the electiodes 
IS sufficient to produce the satuiatioii ciurent. 

10. Variation of the saturation current with tlie distance 
between the electrodes, and the pressure of the gas. II 
one of the electrodes is made movable the vaiiatioii of the 
saturation cuirent with the distance apart of the electrodes 
can be studied In the case of a metalhc conductor the current 
for a given potential diheieiice is inversely proportional to 
the length of the conductor, and a .siiiiilai result holds for 
electrolytes Eoi gases however, if we arrange that the effect 
of the ionizing agent is the same in all parts of the gas, 
the saturation current through the gas is directly propor- 
tional to the distance apart of the electrodes It can also he 
shewn, by using electiodes of difiereut sizes, to be diiectly 
proportional to the aiea of the electrodes II the pressuio of 
the gas IS varied it is louud that the saturation current is 
directly piopoitioiial to the pressure of the ga.s In other 
woids the icitmation cmient though a gas is diteclly ptopoHional 
to the mass of gas hetween the electiodes 

The effects when the cuiient is not saturated aio in general 
very complex, and need not concern us heie. 

1 1 Theory of conduction through gases Let us assume 
that the ionizing agent is producing ions uniformly throughout 
the gas and at a constant rate, so that q pans of ions aie formed 
per c c per second m the gas These ions aic charged positively 
and negatively, and since the gas as a whole is unchaiged, the 
numbei of positive and negative systems must be equal, sup- 
posing that each carries a charge of the same magiuliide e 

In general ions may he lost by the gas m three ways In the 
first place since the ions are oiipositely chaiged they atLiact 
each otlioi according to the oidmaiy laws of electrostatics. 
On collision theu charges may neutialise each other, and the 
ions return to their ordinary unchaigcd state The chances oi 
a given positively charged ion meeting a negative ion m a given 
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tame is oliviously pro])oitioual to tlio mimbei of negative ions 
pieseiit per c e , while the imniber ot positive ions finding 
partiieis in a given time is propoitional to the number of 
positive ions actually ]ireseiit per cc of the gas The late 
at Avhich combination goes on is thus proportional to where 
n IS the number of ions of either sign piesent ni unit volume of 
the gas It can, theiefoie, be wiitten an^ where a is a constant 
under given conditions and is known as the coejjioient of recom- 
biTiation 

Wc have assumed that the numbers of positive and negative 
ions aie equal This is usually the case If, however, for any 
cause they are dillerent the rate of recombination by the same 
aiguiiieiit will be given by aHpig, where Wg ai-’e f'i'-e number 
of jiositive and negative ions per c c. 

Ions are also withdrawn by the action of the electric field, 
and by dillusion to the electrodes oi to the walls of the chamber. 
Ill general the effect of diffusion is small and may be neglected. 
Ill special ciicumstances it may become appreciable, and m 
these cases it can be mcasuiod. 

Let 118 assume for a moment that there is no electric field 
across the gas and that the diffusion is negligible Then the 
rate of increase in the number of ions per unit volume of the 
gas IS equal to the number formed per second by the action 
of the ionizing agent less the number lost by recombination 
Hence 



The iom/.ation leaches a steady state when dn/dt is equal to 
zero or q == ^ 2 ) 

If the ionizing agent is then withdrawn q becomes zero, and 
the ionization in the gas decieases accoidnig to the equation 



or 


( 3 ) 


wheic iig is the value of the loni'ation at the moment when the 
agent was removed, and t the time which has elapsed. 
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12. Motion of the ions under a uniform electric 
field. If X IS the sticngtli of the elcctiic held acioss the gas 
the force acting on any ion is equal to Xe If the ion weic 
perfectly fiee to move this would produce a constant accelera- 
tion of Ze/m where m is the mass of the ion The ion is, however, 
moving through other uncharged gas molecules, its path 
therefore is made up of a senes of shoit runs, each terminating 
in a collision in which all the accumulated energy of the ion is 
lost Under these circumstances it is easy to shew that the ion 
will move not with a uniform acceleration but with a constant 
velocity which is proportional to the field applied 
For let A be the mean free path of the ion in the gas, and 
T the time taken by the ion to describe its mean free path under 
the action of the field We may suppose that the whole of the 
velocity added by the field is removed at each collision and that 
the ion thus starts its course again with zero velocity. Between 
two collisions the ion moves freely under the action of the 
field. If X IS the intensity of the field and e the chaige on the 
ion, the mechanical force is Xe and the velocity v' of the ion 
on reaching the end of its path is therefore given by Xer — mv', 



The average velocity with which the ion desciibes its path is 
thus Iv', and if we assume that the time occupied by a collision 
IS small compared with t, this is also the mean velocity of the 
ion through the gas The velocity of the ion is therefore given by 


I Zer 


. . . (4) 


and IS thus directly proportional to the applied field X, since 
e, m and t are constants under giv en conditions. 

Thus if u and v are the actual velocities of the positive and 
negative ions respectively in a field of strength X, we have 
u — ^Z, V = Ti^X, 

where \ and Zj will be constants for a given gas under given 
conditions of tempeiature and pressure. They aie known as 
the mohilihea of the ions 
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1 3. Theoretical relation between current and potential 
Lot ns now considei- the cun cut tlirough the gas due to 
an a])])hed ])otcntial diflcicnce F between the electiodcs Con- 
sidering any plane in the gas normal to the direction ol the 
field, then in one second all the positive ions which aie situated 
at a distance oi less than ti cm from it will be diiveii across 
the plane, while similarly all the negative ions distant less 
than V cm. from the plane will be diiven acioss it in the opposite 
diiection. The total transference of electricity across the plane 
111 unit time will be the sum of the charges earned by the two 
sets of ions Tf the magnitude of the charge a carried by an ion 
is the same for all ions the total transfer ence is thus ne (u -t- v) 
units per sq cm per sec or it A is the area of the plane the 
total curicnt across it will bo 

^ = Ane (m d- n) 

= Ane ill d- Za) Z . . (5) 

Now the passage of acurrent implies the withdrawal of a certain 
number of ions from the gas to the electrodes The greater 
the current, the faster the ions will be lemoved, and hence the 
fewer will be the number of caiiiors left in the gas Hence it 
is obvious that n, the number of ions present in unit volume of 
the gas, IS a function of the curient ^ The pioblem is thus far 
from simple We may however distinguish two limiting cases 
(1) The cuuent ts so small that the nimhei of io»is wiihdiawn 
IS neghgihle compared with the number present per o c In 
tins case the loss of ions is due solely to recombination and n 
IS a constant, its value being given by (2). 

If the clccliodcs are arranged so that the field is uniform, as 
for example in the case of two parallel plates, the field is equal 
to Vjd, where Fis the potential differ ence between the electrodes 
and d their distance apart. In this case equation (5) becomes 

1 = Ane (Zi + Za) X = Ane (Zi |- Zg) , (6) 

wheio A is the area of either electrode This equation is ol 
the same foim as that for conduction through an electrolyte, 
if n IS a constant Under these ciicumstances the current through 
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tlio gas obeys Olim’s Jaw, and tins case coriesponds to the 
liisi straiglit ^lortion ol onv experiineiital curve. 

(2) The Jield if, so laige iliat the ions arc conveyed to the elecliodes 
without appieciahle i ccomhinalion 

If tJio field is large the velocities of the ions become so great 
that the number recombining m the small time taken to reach 
the electrodes becomes ncghgible In this case it is obvious 
that all the ions formed in the gas by the ionizing agent will 
be conveyed to one or other of the electrodes If B is the volume 
of the gas between the electrodes the number of ions formed per 
second is By and the total charge conveyed to either electrode 
m one second is thciefoie Bqe This is the maximum current 
through the gas, and, provided that the voltage is sufficient to 
produce saturation, is obviously independent of the difference 
of potential between the plates. This case thei efore corresponds 
to the saturation current through the gas It will bo seen that 
the saturation current should be diicctly proportional to the 
volume of the gas, a result Avhicli we have already found 
experimentally. 

Since the time taken for the ions to reach the electrodes is 
proportional to the distance which they have to travel, that is, 
to the distance apart of the electrodes, while the field for a 
given potential difleieiiee is inversely proportional to the distance 
between the electrodes, it follows that the potential necessary 
to produce '^ho saturation current through the gas is directly 
proportional to the square of the distance apart of the electrodes 
It has also been shewn to be proportional to the square root 
of the intensity of ionization 

Since the satuiation ciiirent is found to he proportional to 
the pressure, it follows that q, the rate of ionization for a given 
strength of the ionizing radiation, is directly proportional to 
the pressure, that is to say, the number of ions formed is 
piopoitional to the number of molecules present 

(3) The general case has been consideied by Sir J J Thomson, 
who found that on certain assumptions the current through 
the gas could be represented by an expiession of the form 

V=-Ai + Bi\ (7) 
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where A and B are complicated constants and V is the p d. 
across the gas This expression is found to express the inter- 
mediate portion of the expeiimental curve (Pig 6) reasonably 
well. This part ol the curve is of no piactical impoitance except 
in the case of the curients through flames where the ionization 
IS so intense that the maximum fields which we can apply are 
msuificieiit to produce saturation We will therefore defer 
this case until the experimental results for flames have been 
deseiihed (§ C9) 
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THE PROPERTIED OP THE GASEOUD IONS 

14 Measurement of ionic mobilities. The mobility of 
an ion is defined as its velocity in cm per sec under the action 
ol an electric field ol one volt pei cm Ionic mobilities may be 
measured iii various ways, the most direct of which is that due 
to Eutheifoid 

Rullmjoid’h method (i) Two large metal plates were placed 
parallel to each other and 1C cm apait on insulating blocks 



One of these, B, was connected to a batteiy so that any sudablc 
Aeld could be applied across the gas, the othei. A, was connected 
through an insulated lever to an electrometer E 

A heavy pendulum, not shewn in the diagram (Eig 7), was 
arranged so that at one point of its swing it made the cncuit 
of the piiinaiy of an induction coil the secondary of which was 
connected to the X-ray tube used for ionizing the gas Rays 



IONS ELECTRONS, AND IONIZING RADIATIONS 


were tliercfoie generated and tTie gas became loni/ed Alter 
a given interval (wliich could be calculated from the time of 
swing of the pendulum and the distance apart of the switches) 
the peiiduluin swung against the lever L and so disconnected 
the plate A from the electrometer 

Owing to the seicen G only the portion of the gas to the right 
of the plane CD is ionized Hence to reach A the ions must 
travel through a distance equal at least to that between A and 
the plane CD Hence unless the time taken by the ions to 
travel this distance is less than the time which elapses between 
the switching on of the rays, and the breaking of the electio- 
inetor cuciiit at L, the electrometer will shew no charge If 
the time is gradually incieased a point is reached when the 
elect] oineter begins to shew a deflection, that is when the ions 
from CD aie just able to leach the plate A before the connection 
at L IS severed. This critical time is evidently the time taken 
foi the ions to travel under the action of the field from CD to 
A In Hiithei fold’s expciimeiit the ciitical time was 0'36 sec , 
when the jiotential o£ the plate B was 220 volts and the distance 
io be travelled was 8 cm The velocity of the ion was therefore 
8/0 3G cm per sec., with a potential gradient of 220/16 volts 

per cm The mobility of the ions was therefore ~ 

01 about 1 G cm pei sec per volt per cm 
Lanffemn’s method of measming imhliliesm ^Rutherford’s 
method, though veiy direct, is not capable of gieat accuracy. 
It has been replaced by one duo to Langevin The gas, as before, 
IS enclosed between two parallel plane electiodes and exposed 
to a suitable diffeience of potential, one of the electrodes being 
connected to a battery, the other to an electiometer 
In pcrfoiming the expeiiment the connection with the battery 
IS made and the ivhole ot the gas between the plates is then 
ionized by a single instantaneous flash of X-iays from a powerful 
bulb After some inteival of time t fiom making the flash the 
direction of the field across the gas is re\prsed by reversing the 
potential of the charged electrode The charge which has been 
received by the insulated jilate is measuied by the electrometer, 
and a curve is plotted shewing how this charge varies with the 
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interval t lictween the flash and the teversal of the field This 
inteival must, thcicfoic, be variable and must also be capable 
of accurate measni ement Tn piactice this can he effected by 
arranging that the various electnc ciicuits are operated either 
by a pendulum, as in Rutherford’s expeiinient, or more con- 
veniently by a falling weight. 

To himplily the problem we will assume that the tunes 
conceinod are so short that we may neglect lecomhination 
Let us assume that the charged plate is originally positive and 
that the strength of the field is X As soon as the flash passes, 
ionizing the gas, positive ions begin to move towards the 
insulated plate with a velocity l^X Hence in the time t which 
elapses before the reversal of the field all the positive ions 
contained in a slab of gas of thickness /c^Xf cm reach the 
insulated electiode and give up then chaigos to it Hence if 
n IS the nuniber of ions per unit voliiino the total number of 
ions reaching the positive plate will be 
N = id^X/J 

vdiero A is the area of the plate 
In the same tune a niimbei of negative ions equal to nlu^XtA 
will have been i omoved at the other electrode The total number 
of negative loms left in the gas at the moment of reversal is 
therefore {nAd — Anl^Xt) where nAd is the total number of 
negative ions originally present in the gas On loversmg the 
field all tlics(7 ions will eventually reach the insulated electrode. 

The total negahve charge commiiiiicated to tins plate is the 
difloience between the negative and the positive charges Thus 
if c IS the charge on each ion, the charge on the plate at the 
end of the experiment will be 

Q — e (nA-d — Anl^Xl) — e {nJciXiA) 

= Ae {nd — nX (L^ + Z,,) f} (8) 

Hence staiting with a very small value of I, the graph between 
Q and I will be a stiaight hue, the negative chaige decreasing, 
and finally giving place to a positive chaige as L is increased. 

Suppose now that the negative ions travel faster than the 
positive. As t IS increased a stage will be reached when all 
the negative ions will reach the charged electiode, before the 
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field IS reversed If d is the distance between the plates this 
will obviously occur when l^Xt becomes equal to or greater 
than d Aftei this point is reached no negative ions will reach 
the insulated jilate the positive charge on which will, therefore, 
be equal to 

Q - Ae {nlyXt) . (9) 

The lelation wdl again be hnear but the inclination with the 
axes will be alteiecl There will thus be a sharp kink in the 
curve at the point where the two lines meet, and this kink 
obviously occurs at the point where 



Since the velocity of the positive ions is less than that of 
the negative, theie vnll still be positive ions between the plates 



F.g 8 

when all the negative have been removed. If the reversal takes 
place before these have time to loach the insulated plate they 
will be earned back to the chaiged plate Hence the charge 
on the insulated plate will still increase until the time between 
the flash and the reversal of the field is sufficiently long for all 
the positive ions to reach the insulated plate This will occur 
when l^Xt is equal to d, or 


e ions nmv reach the plate the total number reaching 


Since all thf 
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the plate is simply ecpial to the minihei of positive ions formed 
by the lays, that is 

Q = Amle 

and is thus independent of the time 
The complete cuive between Q and I should thus have the 
foim shewn in Fig 8, where the oidinates lepiesent Q, and the 
abscissae the coiiesponding values of t Since d and X are 
known, the times coiresponding to the two kinks m i he curve 
will give us the values of and 

Owing to want of umfoiniity iii the ionization between the 
plates the expeiimontal cmves are not straight lines hut have 
the form shown in Fig 9 which is taken fiom one of Langevin’s 



papers. It will bo seen that the kinks aie very pionouiiced, and 
the mobilities can thus be deduced with considerable accuracy. 

15. Mobilities of the ions in different gases The 
following table (Table I) will give some idea of the mobilities 
of the positive and negatne loiis at oidinaiy temperatures 
and pressures It will be noticed that for the lighter gases 
the negative ion has always a somewhat highei mobility than 
the positive The difference becomes less as the molecular 
weight of the gas increases It may be noted also that water 
vapour has in many cases a marked ellcct on the mobility of 
the ions, especially on the negative ions, the velocity of which 
it materially reduces. We shall return to these points later 
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Table I 


1 ,Suns'l'A^cn j 

/i( + ) 

^2(-) 

lJydn)!roii 

6 70 

7 05 

,, (moiht) 

.5 30 

.5 00 

Air 

136 

1 87 

„ (moist) 

] 36 

1 ol 

(Vubon mouovidc 

I 10 

114 

Carl 1011 choiide 

81 

85 

Suljihiu dioiide 

44 

41 

PoiiLine 

35 

•35 


16. Approximate calculation of the mobility of an ion 
We have seen, (4), p 19, that assuming that the ion retains 
none ol the velocity produced in it by the field after collision 
with another atom, that its velocity thiough the gas is given 
by ^ V whore t is the tune which elapses between 
two collisions Now since the ion forms pait of the gas it will 
paiticipate in the theimal agitations of the gas molecules, 
and the kinetic theory shews that the kinetic energy of the 
ions for this motion must bo equal to that of the molecules 
of the gas in which it is formed This velocity will, therefore, 
vary as the square root of the mass of the ion. At ordinary 
tempeiatiires these thermal velocities are very laige In the 
case of air for example the mean molecular s])eed,at atmospheric 
picssuie and 0° 0. is 48,600 cm. per second Since these 
velocities aie distnbuted equally in all directions the number 
ol ions earned by the thcimal agitations across any plane in 
the gas 111 Olio diiection will be equal to the number carried 
across it in the opposite direction, and hence the total trans- 
ference of electric charge acioss the plane will be zeio Thus 
the thermal agitation causes no transference of electricity, 
and hence no current m the gas. We may, therefore, neglect it 
in consideiiiig the tiansferciice of electricity through the gas 
On the other hand it will be the controlling factor in determining 
the number ol collisions made by the ion If A is the mean free 
2 iath of the ion in the gas, and the velocity of the ion, then 
r the time occupied m describing the mean free path will be 
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equal to A/F;^ But since tlie velocity oX the thermal agitation 
IS veiy large compaied with the velocity added hy the held 
(winch in the case oi a Held as gieat as 100 volts per cm would 
only amount to about 1(50 cm jier sec ), the value ol Fj will 
he practically equal to F the velocity of the thermal agitation 
Hence we have, on substituting for t in (4), 


or the mobility of the ion is equal 4o J y 

This formula should enable us to calculate the mobility of 
an ion if the size of the ions is known, or conversely to deduce 
the size of the ion fioni its mobihty If we assume that the ion 
formed in, say, oxygen is simply a charged molecule of the gas, 
then F is the ordinary velocity of the oxygen molecule, or 461 
metics per second: the value of e//re foi a hydrogen atom, as 
we shall see later (§ 26), is 10'* e m.u. per gm , and for the 
oxygen molecule therefore, assuming that all ions carry the 
same charge, it is x 10^ A, the mean free path of an 
uncharged molecule of oxygen at normal temperature and 
piessure is 10'®. Substituting these values we have the mobihty 
in oxygen equal to 3 2 x 10~® cm per sec per absolute emu 
of field or 3"2 cm per sec per volt pei cm. since a volt is 10® 
absolute emu. of potential. 

This is rath^’ more than twice the measured mobility of the 
positive ion m oxygen, and would indicate that the ion is 
somewhat larger, but not much larger, than the molecule 
In all probability it is identical with it The ioiinula wo have 
developed above overestimates the mobility for two reasons 
111 the first place our assumption that no time is lost during 
collision IS possibly not accurately tiue In the second case 
the moan fiee path of a charged ion will certainly be less than 
the mean free path of an uncharged molecule of the same size 
on account of the electric attraction between the charge on 
the ion and the iinchaiged molecules of the gas. Hence we 
aie led to the conclusion that in a gas at normal pressures the 
gaseous ion consists of a single molecule of the gas beanng an 
electric charge. 
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Altliougli tlie tlieoiy outlined above bas been cballenged, it 
Kecijis to be amjdy hiibstautiated by the recent work of Loeb(J) 
lie has , 'shewn, ruoreovei, that the number of collisions which 
the fiee electron makes with neutral molecules before it 
succeeds in attachmg itself to one of them vanes with the 
chemical nature of the gas In fact, in very puie hydrogen or 
nitrogen such attachment apjiaiently never takes place and the 
electron remains ui its free state The corresponding negative 
mobilities are therefore much higher than for the gases in which 
attachment takes place, and are certainly greater than 760 cm 
])er sec per volt per cm at atmospheric pressure This inability 
of the hydrogen and nitrogen molecules to form negative ions 
lias been noticed by Bir J J Thomson m Ins Positive ray ex- 
periments (§ 56) 


18 Measurement of the coefficient of recombination 
The eoefficioiit oi recombination of the ions can be measured 
directly by a method due to Eutheifoid A steady stream of 
gas IS passed down a long tube (Pig ] 1) at the enti ance to which 


— El II 1^ 


Eig. 11 

is placed a l.iycr of uranium oxide This supplies a constant 
source of ionizing lays so that the gas is all ionized to the same 
extent At various points along the tube aio placed electrodes 
winch can be connected to an electiometer These electrodes 
may convemeutly take the form of thm rods of equal length 
jiarallel to the axis of the tube, while the tube itself, raised 
to a sufficienllv high potential to produce the saturation 
current through the gas forms the othei elccti ode. 

The saturation current is measured successively at each 
of the electiodes Since the electrodes aie all equal and 
similar the satmation curients will obviously be propoitional 
to the number of ions present iii the gas per unit volume, at 
the given electiode. If the distance apart of the electiodes is 
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kiiowji, iuid {. 111 ! iiiie oi /low oi (in' gas aloii'A the lulie, (lie time 
taken loi the In flow fnmi one eleelinile to (he next ean be 
caietilaia'd, and (iuis {.lie miniber oj ions lelt lu the fias aftei 
xmi ious inteivals of time is obtained In tins way J-lutliorfoid 
was able to x-crify expeiimeiitally the eipia(ioii (3) tor the rate 
ot decay of ionization m the gas In one of Ins experiments, 
for example, he found that the ionization amounted to as much 
as 10 per cent of its maxiinmu value as long as foui seconds 
aftei lemoval fiom the ionizing rays, while in aiiotbei expenment 
where the initial ionization was less intense the gas even after 
10 seconds retained 10 pei cent of its initial conductivity 
This method though simple, and dnect, is not capable of 
any great aconiacv, and has been replaced by one due to 
Langci'iii (1), winch however reipmesaknowledge ol the mobilities 
of the ions undei tire conditions of the cxperiuiont The gas 
to be experimented upon is contained between two parallel 
plates, A and B (Fig 12), and a layer CD oi it parallel to the 
plates IS ionized by a single poncrlul llasli of Roiitgen rays. 
An electric field is apijihcd between 
the plates by connecting one ol 
them to a suitable number of cells, 
the other being connected to an 
electiometer m tlie usual way. 

The ions begin to move under 
the field towaids the opposite plates 
All recombination must occur 
within tlie ionized layer. As soon 
as the ion leaves tins layer it is 
surrounded only by ions of its 
own sign, and ibereforo cannot 
recombine Tt is obvious that the 
faster we can pull the ions out of 
the layer the smaller the recombination will be, and the larger 
the charge we shall collect on the insulated plate, A 

Suppose that after an interval / there aic m the ionized layer 
n positive and n negative ions per unit volume The positive 
ions aie moving with a velocity and the negative with a 
velocity l 2 ^ opposite direction The walls of the slab 
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are tlieiefore approaching each other with a velocity (/c^ + l^)X. 
Thus in a small time dt the thickness of the layer is reduced by 
+ /!.,) Xdt and the number of ions of each kmd separated is 
n {k'l + Aa) Xdl 

8mco the ions so separated are no loiigei liable to be lost by 
recombination, they ivill eventually leach the corresponding 
electrode giving to it a charge 

dQ = sn (Aj -f" A 2 ) Xdt 


'"-l-Vn.ai' 

where Hq is the number of ions of each kind oiiginally present 
in unit volume, 

This process continues until the walls of the slab meet If 
the thickness of the slab is d this obviously occurs when 

After this no xecombmation occurs. The total charge Q is 
theiefoie obtained by integrating between the limits L = 0 
and t = 

Thus the total charge given to the plate 
0= -uZA Tp -’ip- 


But »of/ IS the total luunbei of ions oiiginally present and Mode 
IS thus the maximum charge Qq obtainable when the saturation 
voltage is applied between the plates This can easily be 
deteimined. 

Thus <3 = (A, + /.o) 5: log (1 h 


= I log , 

Jh+h)Xe 


where 
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ITenrc a can ])e calciilatcfl, if 7^, Aj and c aio all known 
'I’hus method y,ivoH very accurate leaultfi The deteiniiuation 
of c, the chai,i>c (.ained an ion, is dobcnhed in the next 
chapter 

The values found for a vary leiy little in diffeient gases 
Air, oxygen, and carbon dioxide all give values of a of about 
1'6 < lO"® at atmospbeiic jiressure, and tempeiature The 
value for h3'drogen is 1 4 X 10~® The coefficient decreases as 
the pteasuie is reduced, and has only oue-quartei of its iioiuial 
value at a pressure of J atmosphere 

The number ol collisions per second between uncharged 
molecules of oxygen is known fiom the kinetic theoiy to be 
1 25 X 10”^® wheie n is the nurabei of molecules per cc 
The number of recorabmutioiis occiuiing between oppositely 
chaiged ions in oxygen as deteimined above is Iffi x 10“® 
The numbei of collisions pioducing lecombiuations between 
the ions is thus about 10,000 times the total miinbei of collisions 
whicli would occni in the same time between unchaiged mole- 
cules of the gas This must be due to the stioiig elcctiical 
attraction between the oppositely chaiged ions, which draws 
them together when othcnvisc they would never have nret. 

IIEFKUEXCKS 
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CHAPTER IV 


THE CHAEGE ON AN ION 

19 . Condensation of water drops on ions. By apjilying 
a satmation voltage across a gas we can, as we have seen, sweep 
all tlie ions in the gas to one or other of the electrodes. The 
charge given to either electiode is then equal to the sum of the 
charges on all the ions of one sign present in the gas, that is, 
to ne wheie /? is the total niimbor of ions of cither sign, and e 
the charge cai ried by each. To detoriiiine e it is necessary to find 
sonic nietliod of counting the inimbei' of ions piosont in the gas 

A method of doing this was aflorded by the disooveiy of 
C T Tl WiLson that chaiged ions can seive as nuclei lor tlie 
condensation ol water vapoui It had long been known Irnm 
the lescaiches of Aitkcn that the water diop.s which form wlien 
a space becomes supersaturated with water vapour always 
collect about dust particles or similai nuclei present in the gas. 
If all nuclei are removed (either by filtration through cotton 
wool or better still by repeatedly forming clouds in the same 
closed space and allowing the drops so foimed to settle, thus 
carrying the nuclei with them), a A'cry considerable degree of 
hupeisaturalion may exist in the gas witJiout the separation 
of any drops If, howevei, the picssure of the aqueous vapour 
in the gas exceeds about eight tunes its satuiation pressure 
for the temjierature of the expeiiment a fine drizzle sets in 
even 111 the absence of all nuclei 

Wilson shewed that if the gas was ionized deposition couki 
take place in the absence of other nuclei, the ions themselves 
senung as nuclei about which the drops could fonn It was 
found that deposition would take place on negative ions ivhen 
the picssure of the aqueous vapour was foiii times the saturation 
value, and on the positive ions when it reached about six times 
that amount. 



I’lIE CHARGE ON AN ION 


37 


TIk'so clTocts me duo to siiifaoe tension It can he shown 
tlnit the Mipoui’ jnossure ovei ti ooiucx surface of liquid i.s 



the density of the vapoui , p that oi the liquid, T the suilace ten- 
sion, and 1 1 iie radius of curvature ot the surface If r becomes 
indefimtely small as would be the case for a diop staitino from 
zero diinciisious this excess of pressure would be inliiute, and 
the diop would immediately evapoiate The nuclei, by providing 
surfaces of fiiule radius of cuivatiue ou which to condense, 
enable the drops to commence at a finite size, and hence to 
glow to visible dimensions even with a comparatively small 
degree of supersaturation The drizzle uhich sets in when the 
supei .saturation is eight-fold is probably due to deposition 
round molecules of vapour or gas 

The effect of giving a charge to the diop can most easily 
bo discussed fiom the considerations of potential cneigy The 
potential eueigy of a diop due to its siuface tension is equal 
to its area multiplied by the siuface tension, that is to 
and becomes smaller as the ladiiis is decreased Hence surface 
tension will tend to reduce the size of the drop, that is, to assist 
evaporation, since any system tends to reduce its potential 
energy to a minimum On the other hand the potential energy 

of a drop diie^ to a charge e upon it is y . This increases 

as r becomes smaller, and hence the effect of the charge is to 
tend to incroasG tlio size of the drop The electric charge there- 
fore acts m the oiipositc sense to the surface tension, and may 
be regaidcd as pioducing a diminution in it Thus a charged 
drop will grow under conditions under which an uncharged 
drop of the same radius would evaporate It is obvious, theic- 
fore, that a drop will be foimed around a chaiged molecule, 
or ion, with a smaller degree of supeisatiiration than that 
lequirod when the molecule is uncharged 

20 0 T R. Wilson’s cloud experiments The method 

adopted for producing supersatuiation in the an is based on 
the cooling of a gas by adiabatic expansion The apparatus used 
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IS sliewn in Fig. 13 Tlie gas m the expansion chamber i.s shut 
in by a movable piston P, winch is made as light as possible 
so as to mo\c i\ith ease and rapidity Tiie joint is made 
an-tight with watei 11', which also servos to keep tlie space 
•saturated with nioistuie The air space m.sido the hollow piston 
coinmnmcaies by means of a wide tube T with the band 5, 
and the piston can be lai.sed to anv ici(iurcd position in the 
oiitci ulas.s evlindei D b) torcuig a little air in through the tap 


o 



A. Thus bv suitably adjusting the initial position of the piston 
an expansion ot any desiied amount can be made 
The e'jiausiou is made as follows A wide tiihc 11 connects 
P with a laige vessel of seveial lities capacity which is kept 
at a low piessuru hy the continuous action of a water pump 
U IS noimally closed by a valve F, but by smaitly pulling 
back the rod R the \alve is opened allowing the sjiace beneath 
the jiiston to be exhausted veiy quicldy thiough the tubes T 
and J1 The pre.ssuie below P being thus reduced, it falls with 
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gii'iil. iiipiclif.y, pioilncnig a noaily instantaneous expansion of 
the gas in I he expansion cbainlier 

The luhual exjiansKm eaii easily he dedueed by leading the 
pu'ssiire gauge G licfmo and after the experiment. Let tt be 
tile atinosjiheiio pressure and the dilleience of pressure in 
the two arms of the gauge befoie expansion. Then Pj the 
initial piossiuc of the gas in the chamber is {n — p^ — a) where 
a IS the satuiation pressure of aipieoiis vapoui at the teinpera- 
tiiie of the experiment The final piessiiie of the gas after the 
apparatus has again attained the tempeiature of the laboratoiy 
IS (tt — p^ — cr) whcie Pa is the new reading of the gauge Hence 
bv Boilc’s laiv 

^ ~ Vi~ ^ 

i\ TT~2\-a’ 
ivhich gives the expansion 

iSmco the expansion of the gas is adiabatic, is a constant 
and = tijV-ipjj, 

log.|=(y-l)log,^J . . (17) 

which gives ^3 since y is known The values of the saturation 
pressure of aqueous vapour at the temperatuics and 63 
can be asceitained fiom tables and hence the degree of supei- 
satiiratioii piodiiccd in the space by the expansion can be 
obtained 

Working with this apparatus AVilson (i) found that, after freeing 
the chamber from dust nuclei no cloud W'as foimed for values 
of i'o/i’i less tlian 1’376, ivhich ivas the expansion necessary to 
produce eight-fold siipersatm’ation If, howevei, the gas was pre- 
viously ionized by passing X-iays into it through an aluminium 
iviiulow, a dense cloud appealed when the expansion exceeded 
1'26, shewing that fiesh nuclei are foimed in the gas by the 
action of the rays. If these nuclei arc gaseous ions they should 
be removable by the action of an electiic field This was found 
to be the case 

The eflect of each kind of 1011 separately was investigated 
with a cloud chamber of the form shewn 111 Fig 14. The chamber 
was divided by a central metal partition G which was earthed 



40 IONS, ELECTRONS, AND IONIZING RAJJiATJ-UJNH 

and tlie two electrodes were charged positively and negatively 
respectively The gas was ionized hy a iiairow pencil of rays 
close to each side of C. By the action of the two fields the 
positive ions in A and the negative iii B were driven into the 
plate C so that all the ions in A wore negative, and those in 




B positive On making aii expansion it was loiind that a cloud 
was formed as before on the negative ions when the expansion 
reached 1'26, hut that no cloud appeared on the positive ions 
in B until the expansion reached 1-30, corresponding to a six- 
fold supeisatui ation The negative ions are thus more efficient 
in condensing diops of water than the positive 




Fig 16 
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21 C T. R, Wilson’s later condensation experiments 
111 the loi’in of cloud cluunlioi' oi'i<>iiiulIy used the gas expanded 
Ifuougli a side tuhe, and an cuuenls weic thus set up m the 
dumhei By uu)dii}'-ing the appaiatus so that the piston 
loinied the floor ol the cloud chaiuher itself (Fig 15) it was 
found jiossihle to pioduce expansion while leaving the gas 
pel lecth’ at icst (2) Tlio e.vpaiibion an aiigenieiits u ere otherwise 
uuiilteied By allowing one oi two loiiuiiig pai tides to enter 
the chamber and piodneing a siimiltancoiib expansion in the 
air the tiack ol the paiticlo (hiough the chainbei was lendoied 
visible by the drops foiiued loiuid the ions piodiiced along its 
path Fig 16 shews a pliotogiaph oi the tracks made by 
«-parlicles /loin radiiun Tlio ionization caused by the a- 
pai tides IS so intense that the diojis coalesce into a single 
continnons streak Fig 17 in the same plate shows the track 
left by a single )3-particle Hcie the ions formed per cm aie 
far less numerous than in the case of the a-jiaitide and the 
mdmdual ions can be cleaily seen Fig 18 is a photogiapli of 
the trade left by a beam of X-rays passing from left to right 
shall refer to this later The method is proving ol great im- 
poitance in the .study ol the jnopeities of ionizing ladiatioiis(i). 

22 Application of the condensation experiments to 
the determination of e Thomson's method (i) Supjio.sc a cloud 
IS formed in a cloud chamber of the foim m Fig 1.3, the expan- 
sion hoiiig ai'ianged so that the chops conden.se only on the 
negative ions m the gas Tlicse ions may be piodiiced by any 
convenient ionizing agent Let Il^j be the w'ciglit of water 
vajionr icqiiired to saturate the space inside the chamber 
completely at the initial temperature, and Tl^ that icipuicd 
to satuiate it at the lowest tempeiatiiie leachcd dimng 
expansion. Then the weight of water deposited is given hv 
M = TFi - Thj, and is known since and Tr^ can be calculated 
from Uio volume ot the diamher and the densities ol the satu- 
rated vaponi at the two temperatures It may he assumed that., 
piovidmg that drops aie formed, the whole of the vapour over 
and above that rcijiuved to saturate the space will he deposited 

The small diops making up the cloud will fall under the action 
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of gravity with a umfoira limiting velocity given by Stokes’ 
law Thus if /• IS the radius of the diop, rj the viscosity of air, 
p the density of water, and g the acceleration due to gravity, 
the drops will fall with a uniform velocity given by 

-rf 


This velocity can be measuied by observing the rate at which 
the surface of the cloud settles down by means of a catheto- 
meter or leading raicioscope. Since all the constants are known 
the observed value of v will enable us to calculate the radius 
r of a single drop. It is found that the chops are all the same 
size, as can be seen from the fact that the cloud settles down 
as a whole without separating into layers. The mass of each 
drop IS tlieiefoie and if n is the total number of drops 
in the cloud 


\m^pn==Wl (19) 

which gives us n since M the mass of the cloud is Irnown 

If the water surface is connected to an electrometer the 
quantity Q of electricity brought down by the cloud can be 
measured. The charge on a single ion is then equal to ~ . 

Balancing method of delei mining e The previous method was 
first carried out by Sir J. J. Thomson An interesting modifica- 
tion 18 due to H A Wilson (5) In this the clouds were formed 
and the radius of the drops determined by the application of 
Stokes’ law as in the previous experiment. An electric field, X, 
was then applied across the chamber so as to attract the drops 
towards an upper plate which was positively charged, the 
lower surface being earthed. The electric force A'e acting on 
the diops was thus in the opposite direction to that of gravity, 
and by suitably adjusting the stiength of the field the two 
forces could be made to neutralize each other exactly so that 
the cloud remained stationary in the chamber, suspended m 
air ‘‘ like Mahomet’s coffin.” When this state is reached we have 


Xe — mg (20) 

where X is the electric field and m the mass of the drop. But 
in can be calculated, as before, from the velocity of the free 



THE CHARGE ON AN ION 


43 


fall nuclei' gravity and lienee e can be obtained Assuming that 
each diop forms loiind a single ion tins is the chaige on the 
1011. 

Both these experiments aie subject to a seiioiis enor. The 
gas after expansion begins to waini up again by conduction 
and ladiation fioiii the room, and consct^iieiitly the space 
aioiind the diops soon ceases to be saturated Hence the diops 
begin to evapoiate and tlieu mass 711 is constantly decreasing 
duiing the couise of the expeiiiueiit This defect has been 
overcome by a method clue to Millikan. 

23 Millikan’s experimental determination of e The 
question has been investigated veiy tully by Millikan ((!) using a 



Fig 10 


method similai to that of Wilson but fiee fioin the uncertainties 
caused by evaporation Instead of condensing drops of lujuid 
on the 10ns Millikan foiiiis his diops mechanically by some foim 
of sprayei 111 an atmosphere satiiiated with the liquid, and 
loaves them to acquire charges fiom the ionized air by collision 
With the ions His appaiatus is shewn 111 Big. 19. 

A little of the liquid under expeinnoiit, geneially oil or 
mercury, ivas sprayed into the upper chamber A, and a few 
diops fell thiongb a small bole c into the expeiiniental 
chamber B. The upper and lowei plates bounding this chamber 
were insulated and could be cbaiged to varying difierences 
of potential by a battery of small cells, so that any 
loqiured vertical field could be applied across the gas, or by 
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coniiccfcm<> the ])lates togethei the field could he removed and 
the diop allowed t.<) fall Ireely undci gravity Its radius could 
thus he deduced lioni vStokes’ law, and knowing its density the 
mass m could he calculated Tlie drops shewed little tendency 
to evaporate and the mass m remained appreciably constant 
ovei long inteivals By adjusting the field the drops could he 
made to remain stationaiy and a single individual diop could 
thus be kept undei continuous obseivation for several houis 
Now the drops are not initially charged but it the air is 
ionized they become so by collision with the chaiged ions 
Since the diameter ol the drop is large compared with that of 
an ion, its potential uses compaiatively slowly, and it may 
accumulate a consideiable immbeT of charges of the same sign 
before its potential becomes sufficiently high to pievent otliei 
hke chaiges fioin leachmg it Thus the charge E on the drop at 
any in, slant may be any not too great integral multiple of the 
ionic chaige e On the other hand if an ion oi opposite sign 
leaches the diop part of its chaige will be neiitialized and E 
will be dinunisbed again by some multiple of e. 

The chops can be obseived by a mioroscojie focused on them 
thiough a small window in the side of the cliamber B A drop 
is now singled out and its mass deteiimned by observing its 
velocity of free fall under gravity by means of a vertical scale 
III the eye-piece of the microscope Afield is then applied and 
adjusted until the drop remains stationary The charge on 
tlie droji can then he calculated fiom the strength of the field, 
If the diop 18 kept under obseivation it will be found that 
sooner or later the stationaiy balance is destioyed and the 
drop eithei darts rrpwaids, shewing that it has acquned an 
additional charge of like sign, or begins to fall shewing that 
part of lbs charge has been neiitialized The field is adjusted 
again until a fie,sh bahiiice is obtained and the new rmluo ot 
the chaige E is calculated If all loiiic charges have the same 
magnitude, each of the chaiges so determined must be some 
not too lai go multiple of the ionic charge The greatest common 
factor of all tbcobserved values is thus the mimraum ionic charge 
A veiy large number of charges were thus measured by 
Milhkan using drops of various sizes and various liquids, and 
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iilsij with diflcT'ont lonumg In cvwy u.isc tlie cliaigo 

was found to be a Jiiultiple ol the number 4!‘774 x 10"“ e .s.u 
to a veiy coiisidciahlc degicc of exaetuess 

Jn Older to cnsuie the gieatesfc accuiacy possdile vaiioub 
subsidiaiy expeuments were made For example, a fiesh 
detciminatioii of the viscosity of au was made, an ciror ot 
J pel cent being found in the geneially accepted value Kxpcii- 
mciits weie also made to teat the applicability of Btokes’ law 
111 the case of the drops used, and a small coirecting factor wms 
found to be iiccessaiy, and its magnitude detei mined. This 
correction has since been shewn to bo required by a more 
rigorous mathcm.itical analysis of the case of falling drops 
Millikan claims that his lesiilt is not m on or hy moio than 
one pait m 1000 

These losults of Millikan bung mil ven cleailv the lait that 
eleetucity like matter is not indelimtelv divisihlo hut consists 
of units or ‘'atoms ’ which cannot he iiuther subdivided In 
evmry case, no mattei wdiat was the ionizing agent used to 
pioduec the charges, no mattei what the gas m ivliich they 
were produced, oi the iiatuic of the chops on which they were 
measured, the obseived ehaige w'as mvanalily a multiple ol 
the raliie 4,‘774 10“'^'', no traction of this amount erer being 

obseived On the explanation given of inmzatioii this chat go 
is that earned by au election il iiegatne or duo to the absenoe 
of an electron if positive The election, theicfoio, constitutes 
an atom ot olectiicity, IVo shall, theiefoie, lofei to this chaigc 
as the elect) omc chuiyc, and denote it by the leltci e Millikan’s 
experiments shew, and many other observations confirm it, 
that the charge Coiiiied by all elections is the same It is a real 
uiiiver,sal constant Moipoaut, in m.iny cases, tlii' diop.s lailing 
into the ohseicmtion chamber were found fo be .ilready charged, 
by fiiction bctAveeii tlie drop and tbe spiayer These charges 
Aveie also fonnd to be integral raulliples of e Thus an ordinary 
fnctional charge is also made np ol electrons 

In neatly eveiyca.se obseived it was l()und(7) that wdien ehaiges 
Avere gamed or lost by the diop, owing fo collision w ith a gaseous 
ion, the magnitude of the charge so iiiteichangcd was the 
single electronic charge e Thus it appears that, in general, a 
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gaseous ion cariles onlv a single electronic charge e, as ive 
have previously assumed The only exception ivas •when the 
diops were surrounded by an atmosphere of helium, and 
the ionization was produced by «-particIes In this case(S) 
about 16 per cent ol the encounters resulted m adding a 
charge of 2e to the drop, and thus about 16 per cent of the 
helium ions must be doulily charged We must suppose 
that in this case about ^th of the encounters between the 
a-pai tides and the helium atom result in the ejection of 
two electrons from the atom Apparently in all other cases 
ionization is produced by the ejection of a single electron 
only 

24 Pemn’s determination of e from the Brownian 
movement. When a curientis passed thiough a solution of an 
elect] olyte, the mass of the substance deposited on either 
electrode is pioportional to the quantity of eleotiicity which 
has passed. Thus the mass of hydrogen hbciated by the passage 
of unit electromagnetic quantity of electricity is 1 04 X 10~^ gm 
(the electrochemical equivalent of hydiogen), in other words 

one gram of hydrogen is in electrolysis associated with q I j ^ jq-i 

or 9650 emu. of charge. It la assumed that the ions in 
electrolysis are atoms of the substance carrying a charge E 
which IS the same for all monovalent ions Thus, if n is the 
number of atoms in one gram of hydrogen, and E the charge 
on each in solution in emu, the total charge carried by one 
gram of hydrogen will be nE, which must equal the value 
9050 as determined above Since theie are two atoms of 
hydrogen in a molecule, and a giani-molecule of hydrogen 
weighs 2 gm , we can also write this result in the form 
NE = 9650 

where N is now the number of molecules in a gram-molcciile of 
gas, an impoitant numbci known as Avogadro’s constant. 
If we can determine N W'e can calculate E 
An inteiestmg method of determining N is afiorded by 
Perrm’s(9) experiments on the Brownian movement. 



THE CHARGE ON AN ION 47 

Suppose a small particle, not too small to be visible with a 
]io\\eilul miOToscope yet not too larp;e m comparison with the 
size o£ tihe molooules to be aflected by collision with them, is 
suspended m watei This paiticlo will, by the kinetic theory, 
be bouibaided cm all sides by the molecules of the watei moving 
under then velocities of therin.il agitation. On an average the 
nurabei striking the particle will be the same in all directions 
and the average momentum comnuimeated to the jiarticle in 
any direction will be zeio Since, howevei, the eolhsions are 
governed by the law of probability there will, if the interval 
oi tune oonsideied be sufficiently small, be an excess of momentum 
in one diicction or the othci, and if the mass of the particle is 
not too laige compaied vith the masses of the colliding mole- 
cules it will he given an iiicgulai kind of motion winch may 
bo observed under a microscope 

This motion has been known for many years as the Brownian 
movement and is always to be observed rn suspeiifaioirs of fine 
particles in a liquid. 

Experiments have shewn that the Brownian movements 
are independent of any cunents m the liquid, or of any 
external vibrations They occur with particles of any nature 
providing that the size is suitable, and they do not dimimsh 
with lapse of time. Eoi example. Brownian movements 
can he observed among the fine paitieles enclosed iii those 
liquid cavities which arc often found in sjiecimens of c|uaitz and 
which have been sealed up for many millions of yeais The ex- 
planation ]ust given IS the only one consistent with all these facts. 

The particles in Brownian movement are thus shainig the 
thermal agitations of the molecules of the surrounding liquid 
in exactly the same way that the molecules of a heavy vapour 
shaio the motion of the molecules of a light gas in which they 
may be placed In other words, from the point of view of the 
kinetic theory the particles in a suspension behave like the 
molecules of a dilute gas of veiy high molecular weight, each 
particle functioning as a single molecule We can, therefoie, 
appl}^ the gas laws to them, and from observations on these 
visible particles deteimine the various unknown constants m 
the gas equations. 
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Disf)ihution of Ihe purliclcs in a suspenswii in a vetficul 
diicdion when in cqinJibi iiim umlei qianly. Tlie most direct 
inothod of applving I.his lesult la to dctcuiiiiie tlie way in which 
the pailioles of a suspension distribute themselves under the 
action of gravity. The case is similai to that of a gas under 
gravitj^ 

Consider tivo horizontal planes separated by a distance dh 
in a veitieal coliinin of gas of unit cross section If p and 
p + ip are the pressuios at the two planes, the difference dp 
is e(|ual to the weight of the gas enclosed between the two planes, 
since the cioss section is unity Hence if p is the density of the 

f?AS iJp = mp = py dh 


where il/ is the luoleculai weight of the gas in giams and V is 
the Yohiinc of one giain-molecule But F = RTjpi where T is 
the absolute teiuperatiue and R is the gas constant Thus 

= (IK 

■ (21) 
where II is the veitical distance between the two points in 
the vertical column where the piessuies are po and p. 

But the pressuie is diiectly proportional to the number of 
molecules per c c in the gas Hence we may wiite (21) in the 


foim 


log, 


MgH 
■ Rf' 


( 22 ) 


which gives the cbstrihntion of the molecules in a vertical 
cohnnn of the gas 

We can now apply this result to the case of the suspension. 
In this case if m is the mass of a single jiaiticle the “molecular 
weight m grams ” will be equal to mN where N is the number 
of molecules in one giam-moleculc of a gas, which by hypothesis 
IS the same for all gases The apjiarent mass of a paiticle 
siLspenclcd in a liquid i.s, however, less than its true mass m by 
the weight of the liquid it displaces; that is, it wall be equal to 
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wlieie D IS the clensity of tlio paiticle and d that of the ln|uul. 
Hence substituting in e(|uation (22), no liavc 

If tli6 mass of the jiaiticles and Iheiv density axe known a 
deteiiiiiiiatioii of the latio of njn for diifeient depths will 
enable us to calculate N, the constant of Avogadio 

A suitable emulsion was found in gamboge, the particles 
being obtained oi unitorin size by ceiitniugal kactionatioii 
The density could be deterimned by finding some solution in 
which the particles would remain suspended without falling, 
while the volume could be determined either by diioct measuie- 
ment of the ladius of the particle or by calculating the latter 
from its late of fall under giavity by Htokes’ law. 

To find the vertical distribution of the particles when in 
equilibrium a small drop of the emulsion was placed m a 
hollow cut out m a micro- 
scope slide (Fig 20) and 
covered with a thin cover 
slip to prevent evaporation 
A high power microscope 

was then focused on some ■= ;= 

definite layer of the emul- ' — -J 

Sion and the field of view 

limited by a stop so that not more than five or si.v grams 
were m the field of view at the same instant Owing to the 
Biownian movement the particles are constantly appealing and 
disappearing but li not more tlian five or six are visible at the 
same time a practised eye can immediately grasp the number 
present at any given moment Eeadmgs weie made at equal 
short intervals of time, and the aveiage number present m \ lew 
is taken as proportional to n for that layer. Thus foi some 
particular layer A m one set of expenments the numbcis visible 
at ten successive moments were 

2, 2, 0, 3, 2, 2, 6, 3, 1, 2, 

giving an average of 2 2 At some higher level B the fiist ten 
readings were 2, 1, 0, 0, 1, 1, 3, f, 0, 0, 
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giving an aveiage of 0-9 Tlie latio njn^ foi these two layeia 
was tlinefoio ‘J 2/0 9 fn tins -wav the aveiage inunber of 
paiticles oceuniiig at lUllcient depths in the hrpud was detei- 
mined and v.is found to agico veiy closely with the theoretical 
distiiLution, as calculated above Substituting the experi- 
mental values in cipiatioii (23) N was found to be 68‘2 x 10^® 
A second method based on the distiibution after a definite 
inteival of time in a horizontal plane of a number of particles 
introduced at a given point in the liquid gave a mean value 
of iV = G8 8 X 10^2. Snbstitutmg these results in the equation 
NS — 9G50 we find that the value of S the charge on a 
hydrogen ion in electrolysis is equal to 1 40 x e m u. 
of charge or 4*3 x 10 e s.u. 

25. Summary of results The value obtained by Peiiin 
for the tharge on a iiioiiovalent ion in solution is sufficiently 
close to the ralue obtained by Ihllilcan foi the charge oil a 
gaseous ion to in.ilce it leasoiiably ceitam that iii each case 
the charge with uhich we aie dealing is the unit electionic 
charge c The agreement, houevei, is not as close as might 
have been expected Millikan claims an accuiacy of one part 
111 1000 lor his own experiments, and Periin considers that the 
eiior in Ins cannot be moio than 3 pei cent On the othei hand 
the dilleieiice between the two values is nearly 16 per cent. 
Pen in beheves that the coirection applied to Stokes’ law in 
Millikan’s expenmeiifs was insufficient, and that consequently 
the mass of his drops was wiongly estimated If then size is 
.suilicicutly leduced, the oil diops employed by Millikan shew 
Brcnviuan movements, which at lou jnessuros are very much 
laigcr than those .shewn by snsjiended particles in water The 
actual displacements of these drops can easily be measuied and 
are loimd to agiec exactly with the theoretical laws governing 
the efieet The value of N deduced fiom these measuiements(iO) 
was GO 3 X 10", thus giving a value of e very close to that of 
Millikan As, however, Stokes’ Law is used in finding the mass 
ot the drop, this liaidly provides mdejiendent confirmation of 
this value More recent expeiimeiits on emulsions in water have 
given values veiy close to Milhkan’s, which is also in close 
agreement with the values of c obtained by experiments on the 
a-paiticle (§ 103) and with that deduced by Planck from the 
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Table II 

The fh.iigc on .in deetion 


OllsLUN 1. It 

M IITIIOI) 

emesu 

licgeul.iii 

W.itoi diops (oiignial 
inothod ol Thomson) 

107 xlO-'" 

Milhk.ui 

Oil .uid meiomy drops 

4 774x10-1" 


Runvui.m moveuienls 

1 2 V H)-"' 

Ruthei ford 

Uli.iige on u-paitiole 

105 <10-'" 

liegonei 

4 70 XlU-i" 

Plaut'li 

Tliooiy of ladiatiou 

4 09 XlO-i" 


tlieoiy ol ladiation The various lesulls are given m Table TI 
In the piesenfc volume we shall assume, 
e = 4-774xl0-i'>e.s.u 
= 1'591 xl0-2» emu 

Ahsunmig this value foi e the value ol Avogadio’s constant 
becomes GO-G x 10^^ molecules per gm. molecule Since the 
ratio of the mass to the charge tor a hydrogen ion m solution 
(i e the elect] octiomical equivalent of hydrogen) is i-04 x 10"^ 
e m.ii per gm , the mass of a hydiogen ion in electiolysis is 
(1 04 X 10-^) X (1 59 X 10-®“) or 1*66 x 10 gm. If the electro- 
lytic ion IS an atom of the substance, as is geneiallv a-ssumed, 
this IS the actual mass oi a hydiogen atom The masses of 
other atoms can be obtained by multiplying tins number by the 
corresponding atomic weight 
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CHAPTEE V 


IONIZATION r.Y COLLISION THE SPARK DISCHARGE 

26. Ionization, currents with large voltages, Wo have 
alicady seen (§ 9) that the cunent thiough an ionized gas 
inci eases with increasing electiic field up to a certain maximum 
value known as the saturation cuireiit Thei e is then a consider- 
ahle lange ot electiic fields greater than this saturation value 
for which increasing the field produces no appiecuihle inciease 
in the cunent It is lonnd, however, that il the field is increased 
ahove a ceitain value the cunent again begins to increase, 



at first slowly but soon with gicat rapidity (Fig 21) until 
filially a spark passes between the electrodes, accompanied by 
a temporary hut very cousideiable current The field X required 
to produce an appicciahle incieasc m the current above its 
satuiatioii value dejieiids on the distance apart of the electiodes, 
and on the nature and pressure ot the gas. Foi an at oidinary 
pressure.s, and with distances of half a centimetre or more 
between the elecfciodcs it is very large. It diminishes, howevei, 
as the pressure of the gas is icduced, and the phenomena are 
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most conveniently mve-stigatad in the case of gases at the 
compaiativoly low picssines of tiom one to ten millimetres of 
ineiciiry. With such jnessiues it is possible to produce a 
ronaiderable incrcnso in the euiient through the gas with 
jiotentnil dillcicnces of not more than 50 volts 
The ollect is to be asciihed to collision between the ions 
geneiatcd in the gas and the molecules of the gas We have 
aheady shewn (§ 10) that the velocity acquired by an ion of 
mass m and cliaige e moving under the action of a field of 
strength A" between two successive collisions is 

A 

ni F 

whole A IS the length of the tiee path ot the loa Its velocity, 
on striking auotliei molecule of the gas, is thus, for a given 
field, piopoitioiial to its fiee path 
The mecliamsin of lomzalion is a lit! le obsciiie Since however 
it involves the complete seiiarat.ion of a negative fiom a positive 
chaigo it is obvious that work must lie done on the molecule 
so ionized, and tbo cncigy for this must be supplied by the 
souico of ionization In what follows we assume that this 
ciieigy IS supplied by llic kmetic energy of the colliding particle 
The kmetic energy of this paiticlc must, therefore, reach a 
certain mminuim value il fiesh ions are to be pioduced by it 
in the gas by the piocess of collision 

The mean free jiath of a paiticle m a gas can be calculated 
iiom the kinetic theory of gases The same theory, however, 
shews that in a consideiable inimbor of cases collision will 
not occur until the paiticIe has described a free ])ath consider- 
ably longer than the mean, while in otlieis collision takes place 
befoic the mean fiee path has been desciihed Thus it can be 
shewn that in M per cent of the total miinber of collisions 
collision will not occiu until the paitiele has described a path at 
least twice as gieat as the mean, while in 10 per cent of the cases 
it takes place before one tenth of the mean path has been com- 
pleted Thus assiimmg that the paiticIe must describe a path 
A before it has sufficient kinetic eneigy to produce fiesh ions, 
ionization by collision will commence long before the mean 
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path of tho ions has icached this ciitioal value, and will not 
he complete until the conditioiib in the gas coirespond to a 
mean free path eonsidcrablj’' greatci than the ciitical value. 

27. Difference in the effects produced by positive and 
negative ions It is found hy expciiineiib that tlie negative 
ion IS much moie efficient in pioduciug lonizalioa hy collision 
than the positive ion, and hegins to do so for much sinallei 
values of the field. Couseipiently undei oidinaiy circumstances 
the increase in the curicnt across a gas caused bv mcieasing 
the field above the ciitical value is due almost entuely to tho 
ionizing action of the negative ions Since tho mean free path 
of a particle is inveiselv piojioitioiial to the piessiiic of tho 





Fa; 22 

gas the critical ionizing velocity is much more readily attained 
at low pressures than at high, and experiments on ionization 
by collision aie most conveniently performed at pressures of 
the order of a few millimetres of mercury At these pressures 
a.s wo have seen the negative mn is identical with the election, 
and has a much greater niohility than its positive paitner 
It IS to this gi eater mobility that its supeiior efficiency i,s to 
be ascribed 

The diiTereiiee m ionizing power can easily he demonstiated 
by expciiments m which the field between the electrodes is 
not uniform but variable, as for example m tho case wliere the 
field is set up between a central thin wire A and a coaxial 
cylinder C (Fig 22) The field in this case is inversely proper- 
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lioual io the (lihlaneo fioni iho cI\ih, uud us tluus mtciiso near 
llu' Yiie and mmv , small near the eylindei If air ai oidinary 
jnesHuies is eiidosed in the cylindei, the Huluiatiun enriont is 
olitained witli a ddleience of potential oJ a fen luindied Aml|.s, 
and IS independent of the direction ol the field It. may he 
pointeil out. that owing to the want of iiiiiloiimtY ol tin' field 
a much higliei dineieiiee ol potential is leipiired to jnodiiee 
satin ation 111 cyhndiieal ionization ehainheis ot thus kind than 
in those having ])aiallel plate electiodes 

At low'piessnies a dilieicnt .sl.ite ol iilTairs ]»io vails 11 X-uus 
aie lusod as the ionizing agent it is known Unit the hnllc of the 
ionization at low piossuies is due to electrons emitted liy the 
metal cvhndci The ionization piodiucd in the gas hy the 
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dll cot actum of the rays deci eases piopoitionately to the 
prcssuic, while tlie miinher of electrons pioduced from the 
Avuo is small cnving to its small surface We ma\ , theieforo, 
regaid the ionization as pi act'cally confined to the space near 
the Avails ol the outer cyhndei 

ff noAV the oiitci cylinder is positiyelv chaiged fhe nogatiA’o 
Kills Avill lie attracted to fhe cyhndei and leach it after passing 
tlnough a A'ory small distance of an Tlie positive loiis Avill 
he diiA'en acioss the acs.icI 1o the wiie 

If the field us reversed the opposite will lie llic ca.se, file 
positive ions liping withdraAin and the nogafive driven acioss 
the chanilier 

tiince the velocity in collusion is piojioitional to the field, 
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ionization 5 y colli, 11011 will lie confined, under tlie conditions 
of the cxpenniont, to the space neai the cential wire whore the 
field IS strong, and will thus he due entirely to 10ns of the sign 
duven across the chainher We can thus study the effect of 
each Lind of ion sepaiatcly The results ol surh an experiment 
are shewn in Fig 23 where the lower ciiive refei.s to the positive 
ion and the upper to the negative It will he seen that the po,si- 
tive ions produce no increase in the satin ation current acioss 
the chamber at any rate until the voltage exceeds 350 volts. 
The negative however produce an appieciahle increase in the 
current with a voltage as low as 100 volts Thus until the field 
IS very large ionization by collision is duo almost entirely to 
the action of the negative 10ns m the gas. 

28 . Expression for the current through the gas when 
ionization by collision occurs Confining our attention for 
the inonient to the case wlieie the loiiizaliou hy collision is 
piodiiecd onh l>y negative ions, lot us consider tlio cinient 
hetween two jiaiallcl phite.s scparalcd by d cm ol gas Let 
be the number of 10ns geneiated pei cubic cm of gas by the 
ionizing agent al. a distance x from the positive electrode 
Let « be the number of 10ns which a single negative ion produces 
hy collision m 1 cm of i<.s path, a will depend on the field and 
on the mean free path, hut mil he constant under the conditions 
of any one expeiiment Then assuming that the 10ns so formed 
mil in turn produce fresh ions hy then collision the number of 
10ns geneiated by collision m a distance d» will be equal to 
ttndx, where « is the total number of negative ions present 
per nmt volume at the point considered. Hence the rate at 
which negalivo ions aie inci casing as the poisitivc electrode is 
approached is given hy 

dn __ 

dx~^’^‘ 

Thus the number 1 caching the positive electrode, which is equal 
to the sum of all the ions geneiated, is given by 

log n/j)o = ax (on integrating), 


( 24 ) 
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In oiliei wolds for every j/qIoiis piodueed in a plane at a distance 
rs cm fiom the positive electrode a number Hqs"''' icacli the 
positive electrode, assmnmg that tlicre is no lecombination. 

If the ionization is conhnetl to a single plane at a definite 
distance a from the positive electrode this expre>S5ioii mil give 
the current acioss the gas This is the aiiaiigeiiient gcncrallv 
adopted in cxpennieuts If, howe\ei, ihc gas is umfoinily 
ionized thioiigliout its volume, the number of ions formed 
per 0.0 per sec being iioas beiorc, ivc may pioceed as follows 
Consider two planes distant x and %• + dx fiom the po.sitive 
elcctiode, the luimhci of ions foiiiied in this layer will ho 
n^dx and the iiumhor loaclinig the positive electrode due to 
this layer The total numhei renolung the ]iQsitivc 

electiode will thus ho the integral of this fiom a> = 0 to x = (l, 



wheio d IS the distance between the two electrodes It tbere 
w'ore no ionization by collision the miiiilier i eaching the electiode 
in the same time w’onhl be ii„f? which is the minilier foiined hy 
the ionizing agent in the same lime Hence, .since the cuiicnts 
aie propoitioiial to the minihor of ions, the actual current i 
acioss the gas is given by 



whore is the satuiatioii cun cut 
Sniiilailv e(|nation (21) can be wiitteii in the foim 


29 Townsend's experiments Determinations of a have 
been made by Profes.sor Townsend (i), to whom the aliove analysis 
18 duo, using a loira of appaiatus shewn in Fig 2t He 
found it inoie acciuateto adopt the airangeraent in wdiich the 
ionization is confined to a definite plane, in this case the surface 
of the neg.ative electiode Tins can easily be eflected by using 
ultra-\ lolet light as the ionizing agent We shall see (Chapter ix) 
that ultra-violet light such as is given out by a (piartz meicnry 
aic lamp is unable to ionize a gas, but produces a copious 
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(‘luisKKin ol elections wlien allowed to fall on a metal plate 
These form negalue ions on cntcnn<> the gas bv attaching 
theinsehes to the nnehaigcd molecules, so that the negative 
ions nuiy all he leganlecl as staiting fioiii tlie illmnimitcd plate 
It will be noted lhat in this case theie will only be a cunent 
thioutih the nab if the ilhiniinated plate is negatively charged 
The nltia-violet light passes into the apiiaiatus through a 
(jiiaitu window Tf' and thiough the lowci electrode P which 
consists of a quaitz philo silveiocl on its upper sin face The 



sdveiing which is of com, so opaque is lenioved ui a senes of 
fine parallel scialches ovci the ceutial pait of the plate The 
hglit passing through these sciatclic.s falls on the uppei electrode 
Q, winch IS of zinc, since tins metal gives a \ery laige emission 
of elections under the action of ultra-violet light The plate 
Q ran be moved paiallel to itself by means of a thick sci-ew /S' 
uorkmg in a thick hra.ss plate T, which is connected to the 
elcctiometoi by a tvne e, A nucioraetei head and seale M 
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allows (lie position of tlie jilate to be rend necmatelv The 
plaie P IS 111 nielfillic connection witb llie metal liase of tlie 
instil umcnt and is charged to a suitable voltage by nicaiis of 
a battery of cells ]n otder to ensmc that no rliarue should 
reach Q except tlivongh tlio gas, a inelal iing 0 divides 
the blocks of ebonite E, E separating P fiom 1\ ami is put 
to ouitli The hciew S can bo iotat.ed (and the distance 
between the electiodes thus vaiiccl) bv means of the fork F 
wbiob engages two piojeetioiis on the liead of the screw 
When leadings are to be made the foik F can be turned so as 
not to touch the screw' and thus peifcct insulation is ensined 
The folk F is opeiatod from outside the appaiatns by means 
of an air-tight gionnd glass joint, J 

In this appaiatns the ions arc all foimed at the suiface of 
the plate Q and hence the total current thiough the apparatus, 
if the inteiisitv of the ilhuuinalion remains constant, should 
he given by the eipiation 

% — 

where ?g is the cunent befoie ionisation hv collision sets in, 
and X IS the distance between the jilales 8mce the value of 
a depends on the field, and not diiectlv upon the potential 
diffeience between the plates, the voltage must he adjusted 
for each leading so that the field, which is eijiial to Vji, remains 
constant for the expeiinieiit On making the expciimeiita it 
was found that the lelatioii (21) was accuratelv tuie foi a veiy 
considerable lange of fields 

The value of a could be dediued by making oxpeinucnts 
at two diflerent distances In this case we have from (24) 

ga(r-r,) 

m wdneh — ij is the distance thiough which the plate Q has 
been laised and is road off duectlv on the micrometer scale M 

As the ions do not reach their average velocity iiiidei the 
field until they have passed tlnongli a lliiekncss of gas 
compaiable ivith the mean fice path in the gas, the equation 
will obviously no longer apply if the distance between the 
electiodes is compaiable with the mean free path of the ions 
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in the gas Hence the apparatus must not be used with too 
small a distance between the cleetiodes oi, since the mf.p. 
oc l/picssuie, with too small pressuics ot the gas The pressure 
can he read oft on a gauge attached to the apparatus Within 
these hunts, and it the experniicuts arc confined to the lange of 
]iressures and fields for which the effect of the po,sitive ions in 
causing ionization is negligible, the lesults obtained aie found to 
agieo very closely with the theoictical curve 


30 Variation of a with pressure and field. The question 
as to whethei a given collision will produce ionization depends, 
as we have seen, on the encigv with which the ion strikes 

G A 

the molecule The velocity ot appioach is given byX^^-y 
Hut A 18 invoiscly ]uopoitumal to the pressure of the 
gas, so that if X and p aie both increased oi decreased m 
the same latio the velocity and consequently the energy of 
inqiacl will he un.iltoied, and the juopoitioii of collisions which 
lesiilt in ionization will remain the same On the otliei hand, 
the total number of collisions is duectly piopoitionnl to the 
pressure, and thus iiici eases as p is uicreasod Thus a is diiectly 
propoitioiial to p, and also to some function of y These results 
are expressed mathematically in the form 


w here 


/ represents 



some undetcmuucd function which 


curve IS plotted between 


« 

p 


the results should he on 


a smooth cuive Piofessor Tow iisend (3), experimenting with 
various gases under many conditions, found this to be the case. 

If w'o apply the lesults of the kinetic theory of gases to 
our assumplimis we can calculate the form of the function 
of X/p which occuis in our equations The probability that 
a particle wull have a fiec path greater than some value x 
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IH ”ivon by e ■ whci'c A ih tin* nioau lioc ])ani ol tho jauticle 
111 tliL‘ II 1’ i« ilio iotal numlici ol collisioiia inailc by a 
p.iiliclc in possiiif' tbioiij^h umt distuncc of the gas the total 
iiuinbor ot coIIikious terminating fi ce paths gicater than x w ill 
be Ye~^ . But since the mean fiee path is A we have I’A cipial 
to 1 Hence the nunibei of collisions in a cm. of gas teciuuiating 
free paths greater than a is equal to . The velocity of 
the 1011 on sinking the molecule at tlie end of a free path a is 
pioportional to Xx whoie *Y is the held, assunung that the 
velocity is due entirely to tho field If we assume that ionization 
will occur if this velocity exceeds some comstant value Y the 
cocllieieiit a will be equal to the numhei of frei' paths thai. exceed 
tlie eiitical v.iliie t given liy A'r— F, or x— VjX Kubstitiitiiig 
tins value fur x in the ecpiation and leineinlioriiig that A is 
inversely propoi lional to p, we have 

a = C'jie”"x" . . . (27) 

which gives us the required expie.ssion 

For a given field the value of a icaches a nia\muim for some 
particular pressiiie, obtained by clifleientiating this equation 
with respect to p, and equating to zero In tins waj' we have 



The experimental results obtained by Townsend aie found to 
ugi ee closely with these equations 

Tlie value of a thus depends on the jiressnre and the field, 
it also depends on the natuie of the gas. It may lie mentioned, 
as giving some idea ot the order of the effect, that in air at a 
pi essnre of 4 1 mm and with a held ol 200 volts per cm the 
value obtained by Townsend for a was 50 AVith the same 
piessurc, but with a field of 320 volts per cm a was 2 1 , that 
IS to say each ion ]}rodi]ccd rathei moie tlian two fiesh ions 
along each cm of its tiaek through the gas The nnmher 
may, liowever, be much greater than this Thus in carbon 
dioxide at a piessuie of 3 95 mni and with a field of 972 volts 
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poc cm , the luimbev ol fieKli ions prodiicecl along Ctacli cm. of 

tlie tiaek -ss.ih no h'rtH than ‘loIJO 

Allh()m>li tim moftt iieeiiiate icsnlta am ohlamed l>y ultia- 
\iolet light, the appaiatn.s e.in lie iiioditicd to allow the use of 
othei ionizing agents It i.s found that the lo.siilts aie the same 
wliothei the ionization is due to the action of, say, X-iays 
on the gas itself or to the liheiation of electrons fiom the metal 
cleeti ode Thus the natuie of the urns depends only on the gas and 
its pressure and is independent ol the iiatuie of the ionizing agent. 

31. Muiimum velocity required to produce ionization 
The method of ionization hv collision enables us to obtain a 



(a) (^> 


Fig 15 

value foi the minimum velocity loiiinied to produce an ion in 
a gas The simplest aiiangmncnt is that indicated in Fig 25 (a). 
The elcetioms aie usually .supplied by an mcandisscent filament Z, 
electiically heated, while paiullcl to this at some little distance 
fioni it aie a piece ol w no gauze 0 and a metal plate E, the latter 
being coiinocled to an olectrometoi The jilale E is at zeio 
potential, while G and Z are both maintained at a positive 
potential the potential of G being gieatei than that of Z 
The electno liekhs am thus directed in each ca.se away from 
the gauze Oon.sider now an election liheiated from the 
filament Z Tt i.s aided iqion bv the field and reaches G with a 
velocity i\ given by Ve=\mu-, whem V is the 

potential diflemnce between the two plates If this velocity 
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ih sufliouMit to jnoduce loiiizaliou liy folli.suni \\i(li llie inuleciiles 
of flic' p(jsih\o ions will bo loiiucd in the , space between 
0' and E and will lind tlicii way under ibe action ol the liokl 
to tlie elcf.tiode E, and tlieio will thus he a cuiient (lirougli 
the gas which will be lecoided by the electionieter if no 
collisions lesult in loiiniation the negative ion on enteimg the 
space hetween 0 and E finds itseli in an adieise field and since 
I'V/— yE gi eater than — Yj, the \elocity of the ion mil he 
leversed befoio leaching E and it will letiun to the electrode E 
or 7, Til us the nnniniuin diileience ot potential between 7j and G 
foi wliieh a cuiient is icoisteied in the eleetioinetei gives the 
mmiruuni potential energy icipiiied to ionize the moleearles of 
the gas hetween the electrodes. 

Recent experiments (h made on this pimciple ha\ e shown that 
tlie muuuuun value of T'y — V necessaij to produce ionization 
IS for hydrogen Ki-fi volts, for oxygen lOoj volts, for helium 20 '2 
volts and foi nitrogen 1 (> 9 volts Since e has the value 4 77 v 10~^® 
e s u and 1 volt is 1/300 e s u this corresponds to an amount ot 
eneigy in the jiai tides ol 2-G8x 10"^® ergs in the case of hydiogon, 
2 17 X 10“^® 01 gs for oxygen with coriesponding values fin the 
other gases. As the pressinc is so low that we may a.ssiime that 
the negative paitiele is an election the latio ejm -= 1 77 10® 

emu per gm , and r= 10 D ' 10® e m u Suh.slituting in the 
equation wo find that the velocity which the partielo must have 
to produce ionization in hydiogeii is 2 15 x 10® cm per sec 

We have so fai assumed that the ion is moving oiilv uiuhu the 
action o[ tlie applied field t)wiiig to the fact that it is iii ,i 
gas it w ill share the ordinal v thcimal agitations of the molecules 
of the gas and will thus have a velocity independent of that 
produced by the field, ft can be shewn that foi an election 
at ordinary temperatiiies this v'elocrty of theimal agitation 
would amount to about 10® cm per sec Tins is onlv one- 
twentn'th of the ionizing v'elocity and henee ean he neglected 
without introdiicrng any senons error into our calerilations 

32 Resonance Potentials. \\ henexjieinnentsaieeondueted 
by the method outhned in tj 31 the electrode E begins to acquire 
a positive charge when the aceolerating potential applied to the 
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elections IS consideiiibly below the ViiUics given at tlie end ol 
that section, and loi a considoralilc tune tliese Ion ei values were 
tbonglit to be the ionization potentials loi the dilTeient gases 
employed Moie caiefiil investigation lias shewn that this is not 
the case and that thei e is no ionization ui the gas itself at those 
lowci values Tins can he proved veiy simply by inserting a 
second gauze sheet between (r and E and parallel to both 
(Fig 25 (6)) As ill the eailier experiments the electrons from Z 
aie accelerated hy the held betneen Z and G, and retarded by 
the held between G and F, the potential difference between F 
and G being slightly gi cater than that between Gr and Z Tlnis 
no negative elections can reach the gauze F The positive ions 
formed, howevei, are attiacfcd towards F and pass through it 
Here however they meet a letaiihng held, and it the potential 
difleicnec lietweeu E and F is gieatei than that between G and 
F no positive ions horn the siiaee between F and G will be able 
to reach the electrode E lAith tins disposition of fields no ions 
from the space EG can reach the electrode 

When, howevei, the experiment is peifoxmcd, say in helium 
at loAV pressure, the electrode begms to charge up when the 
accelerating field is 20 -1 volts, the \ alue originally taken as the 
ionization potential foi helunn Tins, as wc have seen, cannot 
be due to loiuzatioii of the gas hy the elections As a matter of 
fact, it has been jiroved to be due to ultra-violet radiation ex- 
cited m the molecules ol the gas by the impact of the electrons 
uiion them This radiation pioduces an onussion of electrons 
when it tails njion a metal srufaco (sec § 72). and it is this 
photo-cmission wdiich causes the charging up oi the electrode 
If the stream ol electrons is sulhciently intense the radiation 
can, 111 many cases, he detected spectioscopically, and is found 
to consist of a single line out ol the whole spectrum of the 
gas concerned This W'as first observed by Fiank and Hertz 
m meicury vaiiour, hut the observations have since been ex- 
tended to many other iiiotalhc vapoms The muuraum potential 
diHerciicc tlirongh which the electrons must have fallen to excite 
this radiation m the gas is called the resonance potential for the 
gas Tims the resonance poteutuil for helium is 2U 1 volts 
if, however, the accelerating potential, Vq— Yz, is increased 
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loiii^iation of tlio gas is eventually ])roilucc(l Tlie \alue of the 
accclei'iifmg potential diflerenee wliieli will just enable the 
electrons to pioduce ions m the gas by then direet acAion is the 
tiue ionization potential for tlie gas. In the ease ot helium it is 
36 7 volts The cMstencc of ioniz<Uion ran bo dotoelofl by re- 
versing the sign of the held between E and E Ions aie then 
drawn to E from the gas, and the setting in ol fhrecl ionization is 
marked bv a sudden incicaso in the latu at wlneli the ebadiode 
E charges up ft. intiy be mentioned that as soon as ionization 
sets in the gas emits its comjilcle optical spcotnim We shall 
have occasion to refer to this siibjei t again in a latei chaplei. 

The ionization jiotenlial nieasuies the eneigy leniured io ic- 
move an electron completely Ciom its parent atom I'he reson- 
ance potential must measure the eiioigy i crpui cd to transform 
the atom into some abnormal condition, most probably by 
transferring one of the atomic eleotrons fiom its normal position 
in the atom to some other position 'within the atom iii wlucii it 
possesses a greatei eiicigy If i.hc encigy of the incident electron 
is less than tins value, it is appaiently unable to transfer any 
portion of its energy to tlio atom, and the colli.sion.s aie then 
perfectly elastic 

33 Ionization by collisions -with the positive ions. We 
have seen that if the field la less than a ceitam value ioniza- 
tion is produced only by the negative ions in the gas It is 
found, how’ever, experimentally, that when the field is laige 
the current mci eases more lajndly than would be the ease if 
the negative ions alone were acting For these fields we must 
assume that the positive ions also produce fic.sli loirs bj' colliding 
with the molecules of the suiioundmg gas 

We can easily calculate the form of the expiession lor the 
current if ue assume that a positive ion foiius fresh ions 
foi each cm. of its path through the gar The simjilest ca.se is 
that where the initial ionization is all juodiiced at the negative 
electiode, for example, b\ the action of nlti a- violet light This 
corresponds to the experimental aiiaiigenients of Fig 3f 

Consider a pair of planes AB and CD parallel to the electi odes 
at a distance dx apart and x cm. from the negative electiode 
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Lot p be the inimljei of i)aus of lOos geucrafced by both positive 
and negative ums between the negative electrode and AB, and 
q tbo iniinber oi ]iaii.s oi ions generated between CD and tbe 
positive eleetiodc Tlie number of ions aiiiving at tbe positive 
elcctiodc per second is thus « = p + 7 H- Hu where is the number 
goneidted per second at the negative electiode The number 
of pans of 10ns geneiated between x and x dxi& 

p)adx + q^dx . . . (29) 


since all the negative ions generated per second cioss the 
pianos in one diiection and all the positive 10ns in the space 
below the planes cioss them in the opposite direction, assuming 
that them is no recombination This is obviously true since 
the satuialion voltage is exceeded before ionization by collision 
begins Substituting for q we have 

+ (a-^) + n^. 

The solution of this erpiation is of the form 

and A can be found from the condition that p = 0 when a: = 0. 
Thus substituting loi A and solving for n we have 


i-p)d ’ 


(30) 


wheie d is the distance between the electrodes 
This equation is due to Townsend and was carefully tested 
hv lum with the apparatus already desciibedU) It was found 
that an expression oi this foini lepresented the experimental 
results with cousideja])le accuracy over the whole range of 
distances and forces 


The values of /? aic geneially small compaied with those of 
a and eipiatum (30) sheivs that under these circumstances the 
ofleet of ionization liy tlie positive particles will only be appreci- 
able foi huge willies of tbc field or foi huge values of d. The 
value of p dodiieed fiom the equation is relatively greatest 
in tlie case of liyiliogen and decieases with increasing atomic 
ivoight oi the gas Thus for hydrogen in a ceitain experiment 
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/3 ^\i^s iiljDui one-foitu't.h of «, nr the piopoiiioii of loii.s foriiiod 
by collision ol tlio jiobitive jiartieleH per em was only otiu- 
fortietli of that. Joiiiiod by the iiogiitivo For air the ratio of 
P/a was less tli.in one pei cent and for cailxm dioxide less 
than 1/1000 

The positive ions are moleculeb of the gas, while the negative 
as we have seen aie at the piessiiics used in these experiments 
probably elections Thus wo see that toi a given amount of 
energy the elEciency of a particle as an ionising agent decieases 
rapidly as the size of the particle is increased 

34. The spark discharge The eixualioii (30) ]ii.st de\ eloped 
suggests cuiious possibilities It i.s evident that the current 
will become infinite lor some distance d such that 

« = . . (31) 

This case corresponds to what is known as t-he spark dischaigc 
A considerable amount of experimental roseaich has been 
del oted to the spaik dischaigc If two electrodes are separated 
by a gas at any pressure and the diflorence ol potential between 
them 18 gradually increased eventually a point is leaohed at 
which a bright spaik accompanied by the well-known crackling 
noise will pass between them and the two conductors become 
comiiletely dischaiged, Jf the dilleiencn of potential is con- 
tinuously restored by connecting the two elcctiodes to an 
electrical niachmo a continuous torient ol sparks is obtained 
which may pass into flic form of an aic In this case the cuiiont 
may use to many ampcies 

The spark may also he made to pass by bunging the elcctiodes 
iieaiei together ns in the ca.se of the di-scliaige of a Leyden ]ai 
by dischaiging tongs, or by reducing the ]nessure of the gas 
between the clectiodes This latiei is, howevei, only efleetno 
down to a certain point It is found tliat tor any given distance 
apait of the electiode.s theie is a ciitical pie.s.siire at which the 
discliaige ]m.s,ses mo.st ea.sdy ilcdiieing tlio pie.s,sme below this 
critical value causes a very i.ajnd use in the potential ncres,saiv 
to piodncc a spaik, so that the potential at very low pressures 
may easily exceed by many times that which would suffice to 
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])rotlncc difjoharj'C at the same distance in au at atmospheric 
jiressuie 

Tlie rntical potential diffeicnce hetween the electrodes 
necessary to pioduee a spaik is called the sparking potential. 
Il ive assume that the sjiaik takes place between two parallel 
})lale olcctioclcs situated S cm ajiait the value ol the sparking 
potential is ci£ual to XJS where X is the held between the plates. 

Thus il a and jS aic the two coeSicienta of ionization under 
the conditions of the e.xpeiiment, spark.s should pass between 
the electrodes when then distance apart is given by 

. . ( 32 ) 

and the spaikiiig potential should bo cijual to XS where X is 
the field lictwcen tlie plates 

This cipiat.ion was tested by To wiisciul a and were measured 
for some dcfinito field X and the vmliie of S calculated from 
eipiation (32) The plates were then set at this distance apart 
and the potential dilfcrcncc between them gradually inci eased 
until a spark passed. The minimum sparking potential as 
thus obtained was found to agree in every case with the product 
XS as previously determined, the divergence between the two 
values being less than one per cent This agreement is strong 
proof of the substantial accuracy of the theory 

It will be seen that tins theory requires the existence of a 
certain numher of free ions m the gas between the electrodes 
if the spark is to pass Under normal circumstances the an 
generally contains a few ions especially it the electrodes are 
illuminated by sunlight which contains a small proportion 
of ulfaa-violct light If, however, the ions piesent are very few, 
as, lor example, if the spaikiiig expentuent.s aie made m the 
dark, a considerable time may elapse hefoic the small munbei 
of ions originally present have uicieased sufEciently in number 
to give rise to a S 2 jaik dischaige, and under these circumstances 
the difTeicnee of xioteiitial may be increased considerably bc 3 mnd 
the cnlical sparking potential without a siiaik pa.ssing This 
pheiiomeiiou is well known and is called the retardation of 
the spaik Under certain cireura, stances this retaidatiou may 
amount to several minutes. It is reduced to zero if the negative 
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electrode is exposed to a weak souice of uliia-violet kgld. 
Many eaily cxpeniuenta weic vituded liv the ne»le(t of tliia 
precaution 

35 Sparking potential for parallel plate electrodes The 
conditions are most easily interpreted when the electrodes 
take the fmm of a ji.iir of paiallel plates Expeniinuts of this 
kind have hecii made hy Uaii (">), using appai.itns as shewn in 
Eig 26 li the dischaige is taken between two luctalhc plates 
111 the usual w ay it is found that the sp.uk always 2jasse.s hetween 
rough points or small iirojections on the edges of the disks 
To avoid this the eleclaodes E, E weic comjiletcly emhedded 



111 ohomto except for a portion iie.ar the centre which was 
earehilly planed and polished The plates weie separated by 
ehonite lings R of vaiymg thickness so that spaik lengths of 
ditleient values could be used. The gas 1o he experimented 
on could be intioduced by fine tubes t, I runmug thioiigli the 
ebonite, and the whole apjiaratus was made air-tight. 

The ex^ieimients shewed fh.at foi a given gas tlicie was a 
mmminm potential diheicnce depending onl}’’ on the nature 
of the gas below which a spaik would not |)ass For any given 
distance hetween the plates it was always possible to find 
some pressuie at which the sjiaik jiassed at this minimum 
potential. Either mcreasing or decieasing the pressure from 
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fc})iB entical value inciea.scd the spai'kuig potential. These results 
are shewn in Ifig 27 which repiesenls some o£ Carr’s observations 
on an at various prcssuros and lor various distances between 
the clectrodo.s Hnuilar result-^ were obtained for other gases. 
The aiiiiiniuiu .sjiaihing ])Otential for hydiogen is about 280 
V0II.S, the critical pressure being 10 !1 nun. when the sparking 
distance is 1 111111 and 1 IG mm with a sparking distance of 
10 inm. h’oi air the raiuimum potential is about SfO volts and 
for caibon dioxide ‘119 volts Within the limits of experimental 
orior the product of the sparking distance into the critical 
piessure is a constant for a given gas, For different gases this 



pioduct IS approximately proportional to the mean free path 
of the molecules of the gas 

36. Paschen’s Law. As the ie.sult of a huge number of 
exjionmenls Paschen (<>) came to the conclusion that the sparking 
potential was a function only of t!ie product of the sparking 
distance into the jiiossurc of the gas, that i.s to say, of the mass 
of gas hetween unit area of the electiodes This lesult applies 
also to the case of the duschargo hetween two spheres if the 
clislaiice between the .spheres is ajipieciably less than the ladius 
of curvatuie. It can easily be sliewn that this result follows 
from the thcoiy given above Let V be the sparking potential. 




THE SPARK DISCHAllCE 


71 


Then 7 = ^5^, and if M represents the pioduct pB we luu^c 

Hence, substituting in the ocpation (32), 

O (tt-PW 


e have 


(S - O] "'■>«[' G/)/ (]?)] ■ 

thus shewing that the sparking potential F depends only on 
ili, that IS, the product pS. Cair has shown that this law is 
true for all picssuics both above and below^ the critical piessuie 
It is thus a lesult of groat impoitance. It follow, s that if p and 
8 are varied in such a ivay that the pioductp/S leniains constant 
the sparking potential will be unaltered. Hciico iii oi der to bo 
able to calculate the sparking potential for any given distance 
apart of the electrodes, and for any iiressiue of the gas, it is 
only necessary to have a complete set of observations on the 
variation of sparking potential wi< li piessure for one definite 
spark length For example to find the value of the sparking 
potential for a spaiking distance of 10 cm ni an at 10 mm. 
pressure, in wdiich case the product pS is 100, reference to 
a standaid curve for air sliew's that this product corresponds to 
a sparking potential of 0000 volts 
At pressures coiisidciably above the ciitical piessure the 
relation between F and pS is piacticallv linear and w'e tan 

V = .'}-hB(pB) . . (.31) 

For air the values of J ami B are lespcctncly 1700 and 39, 
for hydrogen 1800 and 26 6 


37 Variation of sparking potential witli temperature 
Paschen’s law applies also to difierent temporatuies at any 
rate up to 300° C. Thus i4 the expoimienl is arranged so that 
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tho mass of gas Letween the electrodes remains constant (i e if 
tlie vessel is aii-tight) inci easing the tcnijiciature produces no 
alteration in the spark gap. Tf the gas is allowed to expand 
the spaiking potential is that associated with the new density 
of the gas. 

38 The brush discharge. If the conductors aie of sniall 
dimensions and arc sepaiated liy considerable distances so that 
the field between the electrodes is far from iimform the discharge 
presents a cliffeient appearance Instead of one or more bright 
apaiks passing completely from one electrode to the other a 
lummou.s brush is formed at the xiart of the conductor where 
the field is most intense fading away as the distance irom the 
electrode mci eases If the brush is examined minutely it is 
seen to consist of a large iiuiuhcr of small sparks commencing 
at the elcctiode and teirauiatuig in the air The luminous 
discliaige is thus not continuous hotivcen tho cleotrocles If, 
however, the jiressuie of the gas is leduccd the luminosity may 
grow until it reaches completely fiom one electrode lo the 
other, m which case it is frequently striated. 

The niinimum potential icquired to slait a brusli dischaigc 
from a point depends on tlio .sign of tho point; the requisite 
potential being greater for a positive point than for a negative. 
The conditions for a discharge are obviously that tho positive 
ions shall lie able to acquire sufficient energy to produce an 
adequate supply ol negative elections to cany the current. 
Now if the point is negative the po.sitivo ions are moving towards 
it and may produce electroms (1) by collision with the nioleonles 
of the gas, as in the cases aheady considered, and (2) by collision 
with tho metal of the electiode. If the point is XRisitively 
charged only the first of these souree.s ns available and hence 
we might expect that the discharge would pass moie readily 
Irom a negatively than from a positively chaiged point. 

Let us suppose now that the point is equivalent to a small 
sphere of laduis a. If the piotential of the sphere is raised to 
F the dillciciice m potential between the sphere and a point 
distant z from its suiface is given by 7xj{a + a) Suppose 
a. Fig. 28, is the curve connecting sparking potential with 
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distance for the given picssiue ol the experiment If the 
diherence of potential is so large that the curve ^ relating 
diiference of potential and distance cuts the sparking curve, 
a discharge will take place fiom the point to the air. The 
smallest value of the potential of the point for which the 
discharge takes place will be when the curves just touch as 
shewn in the figiiie It can easily be seen from the charactei 
of the ciiives that they must touch at some point not far distant 
from the minimum sparking potential. Hence appi oximatoly 

Y ^ = y,, 

(I -h ^0 

F=(l + |-)7„ . . (35) 

wheio Ffl IS the minimum spark potential, and Xq the corre- 
sponding distance 



39. The dark discharge Although we have considered 
the conditions that a discharge may take place, it by no means 
follows that the discharge will be a luminous one The discharge 
between a point and a plane frequent commences, and can 
be measured by a galvanometer, before any sign of Im nosity 
IS to be seen. If the potential of the point is mcieased a 
glow lorras on the point and siihsequently a biiish drscliarge 
may be formed. If the cuitent is increased sparking takes 
place, which with further increase in current may pioduce 
an arc At this stage the ratio of the current to the potential 
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difference is veiy laigely mereased In the case of the arc 
discharge the elections carrying the current come mainly fi cm 
the electrodes which usually become intensely hot The condi- 
tions are, therefore, somewhat different to those of the spark, 
where the ions are formed from the molecules of the gas, and 
we shall not consider it further at this point These icsiilts 



are shewn graphically by the cuives in Eig. 29, in which the 
ordinates represent potentials and the abscissae the correspond- 
ing values of the current. 
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CHAPTER VI 


THE PHENOMENA OF THE DISCHARGE TUBE 

40 Phenomena of the discharge in a gas at low pressure. 
If the discharge takes place between electrodes enclosed in 
a glass tube containing gas at low ptessuie, say, from a 
millimetre or so downwards, some veiy beautiful and interesting 
effects are observed If the potential diflerence acioss the 
tube IS not much more than the minimum necessary to niaui- 
tain a cuireiib through the tube the luminosity is at first 
confined to the region of the two electrodes, the rest of 
the discharge being dark, as indicated in Fig 30 As the 


5 = 

— 










Fig 30 


pressure of the gas is reduced, say, to about one mm or so of 
mercury, the two glows extend outward especially that at the 
positive electrode which now occupies the major portion of 
the tube The potential necessary to maintain a current acioss 
the tube has now its mmimiim value 
As the pressure is still further reduced it is seen that the 
glow near the cathode consists of two parts separated by a 
dark space The glow nearest the cathode, covering its surface 
with a velvety light, is called the cathode glow, the other which 
IS much more extensive stretching at low pressures some 
considerable distance mto the tube is known as the negatwe 
glow. The space between them which is comparatively non- 
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luminous is the Crookes daih space, while the similar legion 
between the negative glow and the positive column is known 
as the Faiaday dail space At piessures ol a millimetre or so 
oi ineicury the positive column presents a uniform luminosity, 
but as the pressure is reduced it generally breaks up into a 
seiios of bright and daik striae The typical appeal ance of a 



Eig.3l 


discharge tube at this stage is represented in X^ig 31, which 
corresponds to a pressure ol about half a mm. m the case of an . 

The length of the tube occupied by the phenomena near tbo 
negative electrode depends principally upon the nature and 
pressure of the gas and is mdepeiideiit of the length of the 
discharge tube. The rest of the tube, however long, is filled 
by the positive column. 



Eifi 32 


As the iiressuic is reduced still fmther the negative glow 
and the Ciookes dark space increase in length while the positive 
column contracts towards the anode and at very low pressures 
is represented only by a feeble glow on the surface of the anode 
(Fig 32), at this stage there is no region of constant intensity 
m the tube. Finally if the exhaustion is pushed to extreme 
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limits as in a X-ray bulb, the Ciookes daik space expands until 
it fills the whole of the discharge tube which is then entirely 
dark At this stage the walls of the glass vessel fluoresce biightly, 
the fluorescence being bluish ivith soda glass, and greenish with 
German glass. The greenish coloiation is probably due to 
traces of manganese 

41 Investigation, of the intensity of the field in various 
parts of the discharge. The electric intensity in various parts 
of the discharge has been investigated by many ob.servers 
The most usual way is to insert in the tube a small subsidiary 
electrode consisting of a fine pointed platinum wire If tbei e 
aio free ions in the tube and the potential of the wire is 
less than the potential of the space in its immediate neigh- 
boiiihood theio will be a field in the gas tending to drive ions 
of the appropriate sign up to the wiie For example if the 
wire has a smaller potential than the siuToiinding gas the field 
will drive up positive ions until the potential of the electrode 
becomes equal to that of the gas 

The accuracy of the method obviously depends on there 
being a plentiful supply of ions of both signs in the gas around 
the wire If ions of one sign only are present the lesults may be 
very misleading Foi example suppofsing only negative ions 
are present which is practically the case at points m close prox- 
imity to the anode, these negative ions will stiiko the surface of 
the wire and continue to do so until its negative potential is so 
high as to prevent by its electiic repulsion any furthci ions from 
reaching it As there aie no positive ions to neutralize it, it will 
thus acquire a negative potential which may be considerably 
higher than that m any jiart of the oiiginal space before the 
introduction of the wiie Hence at points veiy near either 
electrode the results obtained by the exploring wire are apt to 
be misleading. In the main part of the discharge its results are 
no doubt sufficiently near the truth. 

The method has been applied by means of the aiiparatus 
shewn in Fig 33 The electrodes G and A were kept at a fixed 
distance aparb by means of the glass rod d to which they were 
both attached. The glass tube containing the electrodes was 
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much longer than the distance between the electrodes which 
were connected to terniinals passing through the cuds of the 
tube by long wiic sjurals. A piece of soft iron R attached to 
one electrode enabled the electrodes to be moved about from 
one end of the tube to the othei by means of a magnet. Two 
electrodes, e,f, were sealed into the tube, the line joining them 
being along the axis of the tube, and their distance apait about 
1 mm. If the two electrodes are connected to opposite quadrants 
of an electrometer the deflection indicates the difference of 
potential between the two points that is, since ef is constant, 
it IS propoitioiial to the field in the gas in the region of e, f. 
J3y sliding the electrodes along this region could be made to 
coincide with any pait of the discharge, and in this way the 
field in any part of the discharge could be investigated. 

An ingenious method which does not involve the unceitainties 
of the previous method is due to Sir J. J Thomson (i) In this 
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the fact that a beam of cathode rays is deflected by an electric 
field 13 made use of It will be shewn later (§ 47) that the 
deflection of the rays is pioportional to the field thiough which 
they pass The mam dischaige passes between C and A (Fig 34), 
the experimental devices for moving the discharge electiodes 
being the same as m the apparatus just desenhed The cathode 
rays are generated in a side tube T at right angles to the dis- 
charge, and pass across the mam discharge through a fine hole 
m the metal iing 0 which serves as anode The deflected beam 
passes down a long tube S falling on a screen at the end of the 
tube where the deflection of the beam is readily measured 
This method has been applied to investigate the field very neai 
the cathode 

The results obtained vary somewhat with the state of the 
discharge, and are shewn in Figs. 30-32 immediately below the 
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diagiaiiis ol tlio dischaige to which they refei. It will be seen 
howevei that they pieseiit certain constant features 

Stalling at the cathode theic is a very strong field in the 
Crookes dark space which chops with considerable rapidity 
as we approach the negative boundary of the negative glow 
where indeed it reaches its minimum value for the tube Since 
tlie field is veiy stiong the fall of potential between the surface 
of the cathode and the edge of the negative glow is very con- 
sideiable and m many cases accounts for the greater part of 
the whole fall of potential across the tube This is known as the 
cathode fall of 2 }olenhal. The field in general uses again shghtly 



Fig 34 


in the negative glow and falls again in the Faraday space rising 
gradually as the edge of the positive column is approached 

If the positive column is uniform or unstriated the field has 
a constant value until the neighbourhood of the anode is reached 
when there is again a sharp increase in the field accompanied by 
rapid increase of potential up to the anode This anode fall of 
potential is, howevei, always much less than that at the cathode. 

If the column is stiiated the field shews variations super- 
imposed upon the steady field, the field being a maximum where 
the striation reaches its maximum brightness. This is shewn 
in Fig 31. 

42 Number of ions m various parts of the discharge. 
The apparatus of Fig 33 can be modified so as to give the 
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lelabive numbei of ions m different parts of the dischaige. If 
the two points e, f aie replaced by two small plates, their 
planes being parallel to the dischaige, the cuirent between the 
plates when some small constant difference of potential is 
maintained between them (say, lor example, that of a Clark 
cell), will by (6), § 13, be roughly proportional to the sum 
of the ions of each kind present in the gas at the given 
point In this way by moving the dischaige so that various 
parts of it come between the plates the distiibution of ions in the 
discharge can be found. The results obtained by II A. Wilson (3) 
are shewn in Fig 35 It will be noticed that the numbei of 
ions is very small near the anode and again m the Ciookes 



POSI me COLUMN FARADAY DARK SPACE 
Fig 36 


dark space It rises to a maximum in the negative glow, falls 
again in the Faraday dark space to use again in the positive 
column If the column is stiiated the ions are most numerous 
in the luminous parts and loss numerous in the daik paits 
Uecently, however, van der Pol (3) has investigated the matter 
by a method not involving the use of subsidiary electrodes, with 
their attendant uncertainties The discharge lube is placed be- 
tween the plates of a small parallel plate condenser which forms 
part of an oscillatmg circuit, the currenbin winch can be measured 
by a Duddell galvanometer If the medium between the plates 
becomes slightly conductmg the current in the circuit diminishes 
as the conductivity mcrcases. By bringing different parts of the 
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discharge tube successively betwecu the condenser plates the 
relative conductivities oi the iliflerent portions of the discharge 
can be estimated It was found that if the positive colnimi was 
unstriated the conductivity along it was constant and somewhat 
higher than that in the dark space If the column was striated 
the conductivity was found to be a mimmum at the bright edge 
of the striation This is exactly the reveise of Wilson’s result. 
It IS, however, what might be expected from Sii J J Thomson’s 
observation that the field is a maximum at this point A large 
field would tend to remove the ions from the space more rapidly 
than a small field, and the ionization and hence the conductivity 
should bo smaller as found hy van dei Pol 

43 The cathode fall of potential. The fall of potential 
which occurs in the neighbourhood of the cathode is often a 
very large fraction of the whole fall of potential across the tube 
If the cunent density of the discharge is not too large the cathode 
fall depends only on the nature of the gas and of the electrode 
and is independent of the potential difieiencc between the 
electrodes If the current density is low the cathode glow only 
occupies part of the cathode, the aica covered increasing as 
the current is increased As long as the cathode is no b completely 
covered the cathode fall lomains constant, after this stage is 
passed, if the current through the tube is still further increased, 
the cathode fall increases with the cuiient 

The fall of potential vanes with the nature of the gas. For 
platinum electrodes it is about 340 volts m an, 300 volts m 
pure hydrogen, 167 volts in argon, and 470 volts m water 
vapour. The value is very neaily the same for electrodes of 
any of the less electropositive metals such as platinum, silver, 
copper, or iron, hut is considerably reduced in the case of the 
active metals such as magnesium, sodium, or potassium. In 
the latter case the normal lall is no more than 172 volts in 
hydrogen, and 69 volts in argon, which is the smallest value yet 
recorded. This is probably due to the ease with which these 
metals emit negative elections 

The anode fall of potential is much less than that at the 
cathode and varies little either with the piessuie or nature of 
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tb.e gaSj 01 ' the nature of the electrodes It lies between 18 and 

24 volts 

44. Theory of the discharge The theory of ionization 
by collision can be extended to include the phenomena of the 
dischaige tube Let us suppose that the discharge is passing 
through the tube and that conditions have become steady. 
The ions necessary to cany the curient from one electrode to 
the other aie supphed by the colhsion of the ions already present 
with the molecules of the residual gas It is evident that, in 
the absence of an external agent, a continuous supply of ions 
can only be obtained li both positive and negative ions produce 
fresh ionization in this way. Consider first the positive ions 
in the gas. The field near the negative electrode is many times 
gieatcr than the held at any other part of the discharge. Hence 
the positive ions will attain their maximum velocity in the 
neighbourhood of the cathode It is uncertain ■whether the 
negative ions aie produced by the imjiact of the positive pai- 
ticles on the metal of the cathode itself or on the molecules 
of gas near it. In any case since the field increases so rapidly 
near the cathode the bullc of the ionization will occui in a layer 
of the gas so near the cathode that the negative ions may be 
regarded as staiting from the cathode itself As the cathode 
field is so great the negative particles formed will bo removed 
with consideiable velocities by the field and hence there will 
he very few negative ions in the immediate noighhouihood of 
the cathode This has been proved experimentally by Sir J J 
Thomson. There will thus he a consideiable accumulation of 
positive ions just in fiont of the cathode. This accumulation 
of positive electricity near a negatively charged sutface explains 
the veiy large values of the field in this region. 

The negative particles, which at these pressures are all elec- 
tionic, mil move away from the cathode with high velocities and 
will produce ions by colhsioii with the molecules of the residual 
gas. If we associate luminosity with ionization the gas will 
become luminous when ionization commences and this point 
will mark the beginning of the negative glow. The Crookes 
dark space, therefore, represents the distance fallen through 
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bj the negative jiarticles before collision begins, and thus 
should be coinpaiable with the mean Iree path of the electrons 
m the gas This is found to be approximately the case The 
presence of the excess positive chaige in the Crookes dark 
apace, however, reduces the value of the electric field m the 
space beyond it Hence the field m the negative glow falls 
rapidly to a value which soon becomes insufficient to 
give to the electrons the energy necessary to produce fresh 
ionization, and luminosity ceases This coriesponds to the 
commencement of the Faraday dark space The current in 
the dark space is heio carried by negative ions drawn from the 
negative glow. There is, therefore, an excess of negative 
electricity in the dark space and this accumulation tends to 
inciease the field between the dark space and the positive 
electrode The field thus increases steadily through the dark 
space and finally attaui.s a sufficiently high value to enable 
the negative ions again to ionize by collision. Hence luminosity 
18 restored and we have the beginnings of the positive column 
As the field m the positive column remains practically uniform, 
ionization by collision of the negative ions will occur along its 
whole length and we shall get a uniform column of hght If, 
however, there happens to be an accumulation of positive ions 
at any point, this may produce a local fall of field and the 
discharge will cease to be luminous at that point Just as m 
the case ol the Paiaday daik space this loss of ionizing power 
will be attended with an accumulation of negative clectiicity 
which will lestore the field to its normal value. Thus a senes 
of striae may be set up in the positive column, as is often found 
to be the case The non-luminous parts of the striae on this 
hypothesis are thus a lepetition of the phenomena of the 
Faraday dark space 

To sum up, luminosity occurs when the ions have sufficient 
velocity to produce fiesh ions by collision, m the dark portions 
of the discharge the current is carried by ions drawn from the 
luminous parts of the tube. 

It will be seen that on this hypothesis the phenomena are 
maintained by the collision of positive ions from the Crookes 
dark space with the cathode. That this is so may be readily 

6—2 
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illustrated by a veiy simple expeiiraciifc Some solid obstacle 
often in tlie form of a mica cioss is placed iii the tube and 
arranged so that it can be tinned when required into the path 
of the discharge If the obstacle is placed on the anode side 
of the Ciookes dark space a shadow is cast on the anode owing 
to the stoppage of the stream of negative pai tides If, howevei, 
the obstacle is placed within the Crookes dark space, not only 
IS there a shadow cast on the anode but a corresponding shadow 
appears on the cathode, the glow entirely disappeaimg fiom 
that portion of the cathode which is shielded by the obstacle 
Hence the phenomena at the cathode are due to particles 
approaching it fiom the boundary of the Crookes dark space. 
Since they approach a cathode they must be positively charged 
It is not necessary for the maintenance of the discharge 
that the average field across the tube shall bo suflicient to 
cause the positive particles to ionize It is sufficient that it 
shall rise to this value in a short region near the cathode. 
But the irregularities in the field between the electiodes which 
give rise to cathode lall of potential are due to the accumulation 
of positive ions near the cathode This accumulation is an 
effect of the discharge and is not initially present Hence it 
will requiie a considerably higher voltage to start the dischaigo 
than will be necessary to maintain it when it has once begun 
This result has also been verified. If the discharge is started 
by a small induction coil, a steady voltage of 470 volts is suffi- 
cient to maintain the discharge in air at a pressure of one mm 
of mercury with a distance of 11 6 cm between the electiodes 
With this voltage the cuirent was of the older of one milli- 
ampere The voltage required increases as the pressure is 
reduced, a potential of about 1000 volts being icquired if the 
pressure is reduced to 1/10 mm 
If the pressnie is very much reduced so that the tube is 
practically daik thioughout, much higher voltages may be 
necessary In the ca.se of the tubes used foi X-ray work 
100,000 volts are often required to maintain a current of a few 
nulliampeies across the tube, and it is possible to exhaust the 
tube to such an extremely low picssure that the highest poten- 
tials yet available are insufficient to start a discharge through it 
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CHAPTER VIT 


CATHODE BAYS AND POSITIVE BAYS 

45 Cathode rays. When the piessure in the tube is 
sufficiently low another phenomenon may bo noticed, quite 
distinct fiom the glows already desciibed, namely, a beam of 
bluish light proceeding normally from the cathode along the 
tube and penetrating to a greater or shorter distance along it 
as the pressure is comparatively low or high If the pressure 
is sufficiently reduced these lays may reach the further boundary 
of the tube in which case vivid fluorescence is excited on tho 
part of the glass on which they strike. These streamers are 
known as the cathode lays 



The nature of these streameis was for long a sub]ccf. of 
discussion. Goldstein, to whom the name is due, regarded 
them as some kind of disturbance in the ether. Ci ookes suggested 
that they were streams of highly charged particles of some 
very attenuated form of matter, projected by the electiic 
forces fiom the surface of the cathode The latter view is now 
universally accepted Tho evidence for this hypothesis will 
appear from the following summary of the properties of the rays. 

(1) The lays travel vn sUaiyht lines. This can readily be 
shewn by constructing a discharge tube of the form of Fig 36, 
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m which, some obstacle, generally m the form of a mica cross, is 
placed in the path of the rays A shadow of the obstacle appears 
in the centre of the fluoiesceiice caused by the rays on the 
further boundary of the tube. 

(2) The lays emerge normally fioin the cathode. If a tube 
such as that ]ust described is constructed with a large plane 
cathode and a small obstacle such as a wiie is placed near it 
a sharp shadow of the wire appears on the further wall of the 
tube without any sign of peiiumhia around it If the lays 
wore given ofl in all directions from the cathode (as, for example, 
light IS emitted fiom a uniformly illuminated disk) no shadow 
of the wire would bo seen Similaily if the cathode is concave 
the cathode rays come to a focus at some point along the axis 
Owing to the mutual repulsion of the lays the focus is generally 
somewhat beyond the geometrical centre of the concaAm surface. 
This property of the rays is made use of in the construction 
of X-iay tubes 

(3) The tags can fcnettate small thichnesses of matter such as 
sheets of aluminium foil oi gold leaf without pioducing perfora- 
tions in the metal This discovery, which was due to Heitz, 
can be demonstrated by constructing a • window” of thin 
aluinmiimi leaf m the end of the tube struck by the rays The 
passage of the rays through the foil is demonstrated by luminous 
blue streamers in the an on the far side of the leaf. These are 
sometimes known as Lenasd lays 

(4) The cathode lays are dejlected hy a magnehc field If an 
ordinary bar magnet is held near a discharge tube the deflection 
of the rays by the magnet is made evident by the movement 
of the fluorescent spot ivhich they produce on the further 
boundary We shall return to this important point later The 
direction of the deflection shews that the cathode lays cxpoiieiice 
the same deflection as would be experienced by a flexible 
conductor coinciding with the path of the rays and carrying 
an electric current, the direction of the current being towards 
the cathode 

(5) The •) ays can y a negative charge This was demonstrated 
by Perrin (i ) in 1895 A shght modification of Perrin’s original 
experiment is shewn in Fig 37. 
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The cathode A is contained in a small side tube which also 
contains the anode B The rays starting fiom the cathode 
pass through a small slit in a biass plate 0 across the larger 
bulb D, where they manifest themselves by phosphoiescence 
of the walls of the bulb. Enclosed in this bulb but out of the 
direct line of fiie of the cathode stream is a small cylindrical 
vessel E having a small apertuio facing the centre of the bulb. 
This vessel is carefully msiilated and connected by the electrode 
F to an electrometer The vessel is screened fiom the powerful 
electrostatic disturbances in the discharge tube by surrounding 
it with a nearly closed metal vessel G which is connected to 
earth This arrangement forms what is known as a Faraday 
cylinder. 



When the discharge was passed the inner cyhnder received a 
very small negative charge. If, however, the cathode rays wei e 
deflected by a magnet so as to fall on the openings in the Faraday 
cylinder a very large negative charge was recorded by the 
electrometer This charge mcieased for some little time but 
finally beeaino constant owing to the fact that tlio cathode rays 
turned the residual gas in the discharge tube into a partial 
conductor. The charge on the vessel increased until the loss 
bv conduction thiough the ionized gas (which is roughly 
proportional to the potential of the Faraday cylinder) was 
equal to the gam from the cathode stream This experiment 
proves conclusively that a negative charge is a necessary 
accompaniment of the cathode stream. 
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(6) The lays ate deflected by an electrostahc field This effect, 
which was a necessaiy consequence of the theory that the 
rays consist of charged particles, was for some time sought for 
in vain The results ]ust described gave a clue to the cause of 
the failure We have seen that the cathode rays ionize the gas 
through which they pass, thus making it a paitial conductor. 
In fact they move down the discharge tube through a sort of 
pioteoting conducting cylinder of their own construction, and 
are thus screened from the action of any electric field applied 
to the tube, there being, of course, no electrostatic field mside 
a closed conductor. By exhausting the tube very completely 
of the residual gas Professor Sir J. J Thomson (2) in 1897 succeeded 
ill partially eliminating this effect and demonstrated the direct 
deflection of the cathode rays by an electrostatic field The 
direction of the deflection shewed that the particles m the rays 
were negatively charged 

(7) In addition to these effects the cathode rays can exert 
mechanical pressure, and convey very considerable amounts 
of kinetic energy. A metal obstacle placed in the path of the 
lays quickly becomes incandescent, especially if the rays are 
focused upon it by using a concave cathode in the way already 
described Much ingenuity has been expended by the makers 
of X-ray tubes in eliminating the very considerable production 
of heat at the point struck by the cathode rays. If the discharge 
is very powerful, portions of metal may be actually torn out of 
a solid plate by the impact of the rays 

A consideration of these facts leaves no doubt that the cathode 
rays consist of negatively charged particles As we shall see 
these particles are identical with the electron, some of the 
properties of which we have already discussed. The supporters 
of the ether pulse theory lehed mainly on the power of the 
rays to penetrate metal foil, and on the absence of electrostatic 
deflection The latter objection was removed by the experiments 
just described, while the former vanished when it was shewn 
that the particles weie not atoms but something many times 
smaller in size. In any case we now know that the objection 
was entirely illusory, though very reasonable at the time, as 
we have now direct evidence that even atoms such as those of 
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lielium can under similar circumstances pass througli solid 
matter without producing perforations. 

By obseiving the combined action of an electric and a magnetic 
field upon the path of the particles it is possible to determine 
their velocity, and the ratio of the mass of the particle to the 
charge upon it 

46 Motion of a charged particle under the action of 
a magnetic field. Lot us assume that we have a stream 
of electrified particles moving with a velocity v along some 
direction OX If each particle carries a charge c the total 
tiansfeieiice of electricity across any cross section of OX is 
ev pel second, which is electiically equivalent to a current ev 
111 the diiection OX. This current will produce a magnetic 
field at a point in the neighbourhood, and conversely will be 
acted upon by a mechanical force if placed in a magnetic field 

The mechanical force on a current element of strength i ds 
in a magnetic field of strength H is equal to Bids sin 8 , whore 
6 is the angle between tlio direction of the current and the 
direction of the magnetic field, and acts in a direction perpen- 
dicular to these two dnections Putting the current ^ in the 
form dq/dt where q is the transference of electricity 

the mechanical force = ds sin 6 

Considering the case of a single particle, dq is the charge carried 
by the particle, while dsjdL is the velocity with which the particle 
IS moving Thus the mechanical force on the particle due to 
the magnetic field is equal to 

Heu sill 8 . . . (36) 

in a direction at right angles to the velocity and the magnetic 
field 

The magnetic equivalence ol a moving electric charge to a 
current was demonstrated experimentally by Howland A laige 
insulating disk was furnished near its ciicumference with a 
number of conducting studs which could be charged to a known 
value by induction from a neighbouring charged plate. On 
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lotating this disk at a lapid late a magnetic field was produced, 
winch was found to be, withm the hunts of expenmental enoi, 
the same as that which would have been produced by a ciiriont 
of stiength qv where q is the total charge on the studs, and v 
their velocity, if moving in a circuit coinciding with the path 
of the studs. 

Suppose for simplicity that the particle is projected at right 
angles to the magnetic field (the mechanical force in this case 
is equal to Hev) Since the mechanical foice is always at light 
angles to the path of the paiticle the speed will remain unaltered 
Let p be the radius of curvature of the path of the particle under 
the action of the field, and m its mass The centrifugal force 

IS equal to — and for equilibiiura this must be balanced by 
the mechanical force due to the field. Hence 



m V 

e ir 


(37) 


As V IS constant the radius of ciiivatuio is constant, that is, 
the particle describes a cade of radius ^ ^ in a plane at light 
angles to the magnetic field. 

If the velocity of the particle has a component parallel to 
the magnetic field this component will lemain unaltered since 
there is no mechanical force acting on the particle along this 
direction, and the particle thus moves forward through equal 
distances in equal tunes along this hne, while at the same time 
describing a curved path around it. Its path is thus some 
kind of .spiral, the axis of which is parallel to the field If 9 
IS the angle between the direction of projection of the particle 
and the field we have ^^^^2 

— = Hev sin 6, 

P 


P 


(38) 


Since V and 6 are constant p is constant and the path of the 
particle is a helix wound on a circular cylinder with its axis 
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parallel to the magnetic field and of radius 

When d = 2 contracts into a circle, the case we have 

already considered. 

In the general case, when the field is not uiufoiin, the particles 
will describe spirals of varying amplitudes about the lines of 
the magnetic field 

47 Motion of a charged particle under the joint action 
of electric and magnetic forces. If the particle is moving 
in an electric field of intensity X it will experience a force 
equal to Xe, and in the absence of any resisting medium, 
as for example when it is freely moving through a vacuum, it 
will have an acceleration of Xe/m in the direction of the elootiio 
field 

If there is also a magnetic field it has, as wo have seen, an 
acceleration H (e/m) v sin 6 due to the magnetic field H, and its 
actual acceleration at any instant is the resultant of these 
two The path will evidently depend on the magnitudes of the 
velocity, the magnetic, and the electric fields, and on their 
relative directions. The general solution has been obtained. 
It will, however, be sufiicient to consider the cases which are 
of practical impoitance 

Case 1 Tlie magnetic and eleefne fields act in the same line 
and the particle is projected at right angles to them In tins case 
since the acceleration due to the magnetic field is at right angles 
to the field while that due to the electrostatic field is parallel 
to the field the two accelerations are at light angles to each 
other, and similarly the two deflections produced will also he at 
right angles to each other and to the path of the particle Hence 
if the original \eIocity of the particle is so great that we may 
neglect the small change in its speed produced by the action 
of the electrostatic field on the particle, the deflection of the 
particle produced by one of the fields in the diiection in which 
it acts Will be independent of the action of the other. The final 
displacement of the particle will thus he the resultant of the 
two displacements which each would produce separately. For 
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example if the fields are arranged with their lines of foice 
vertical, the elcctiic field if acting alone would produce a veitical 
displacement of the paiticle of, say, y cm , while the magnetic 
field alone would produce a hoiizontal displacement of, say, 
X cm Then if they are both acting together the particle will 
by their joint action be displaced to a position the co-ordmates 
of which will be x, y This is the arrangement most geneially 
employed in experimental work. 

^ Case 2. The electric and maqnetic fields are at right angles 
to each other ^ and the 'particle is projected at right angles to the 
two fields. In this case the mechanical force due to the two fields 
acts along the same line, and at right angles to the original 
velocity y Thus the resultant foice on the particle is equal to 
Hev — Xe 

assuming that the fields are so arranged that the foices are in 
opposite directions and acts along the direction of the lines of 
force of the electric field This force will be zero if 
Eev - Ze = 0 


v^XlE (39) 


The motion of the particle will in this case be unaltered by the 
joint action of the electiic and magnetic fields, an important 
relation, which has often been used to determine v. 

Case 3 A charged particle, initially at rest, is exposed to the 
joint action of electric and magnetic fields at right angles to each 
other Suppose the electric and magnetic fields coincide with 
the axes of X and Z respectively The paiticle being charged 
will begin to move in the dmection OX. As soon, however, as 
it has acquiicd a velocity it will be acted upon by the magnetic 
field, and its path will therefore be modified 

Suppose that at any instant the component of its velocity 
parallel to the electric field is dxjdt. There is then a mechanical 
force acting on the paiticle at light angles to the magnetic 
field and to the electric field, that is, in the direction of OY, 
and equal by (36) to Eedxjdt Hence 


Jl 

dt‘^ 


dx 

~di 


(40) 
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Tile electric force along OX is equal to Xc, and there will 
also he a mechaincal force in this direction due to the magnetic 
field equal to Iledxjjdt, where dyfdt is the component oi the 
velocity of the particle along OY Hence 


dfi ^ ^ di 

The solution of equations (40) and (41) is 


(41) 


ar=J^^(l-eosu,/) 

X 

?y = {wt — sin cDt) 


(42) 


where 


These are the equations to a cycloid, the curve traced out 
by a point on the circutnfeieuce of a circle when the latter 


4. B + 



JL 

V- - 



Pig 38 

rolls along a straight line. The path therefore consists of a 
aeries of loops as shewn in Fig. 38, where the electrons are 
supposed to be liberated from the surface of the plate CD. 
It IS obvious that the particle can never reach more than a 
certain distance in the direction of the electi lo field, and cannot 
penetrate beyond the plane LL which is the common tangent 
to the curves Since the minimum value of cos is — 1 this 

, , , ^ 2X 2Xm 

maxiniinn distance is equal to ^ or — . 

Thus if AB and CD are two parallel plates, and an electric 
field of strength X is estabhshed between them, while a uniform 
magnetic field H is applied at light angles to the plane of the 
paper, then if ions are formed on the surface of the negative plate 
CD, either by the action of ultra-violet light, or by raising it to 
incandescence or otherwise, no charge will be received by the 
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upper plate until it reaches the position LL 
at a distance d from the lower plate given by 



the diagram, 


(13) 


At any smaller distance the whole of the ions will leach the 
upper plate which will thus receive a charge. 

The arrangement can therefore be used to determine the latio 
e/m. 


48. Thomson’s method (2) of determining efm and v for 
cathode rays. The simplest method of determining the im- 
portant ratio of the charge of a cathode particle to its mass 



Pj!? 39 

IS based on the equations just developed. These principles 
receive their most direct application in the original experiments 
of Sir J J Thomson. The apparatus used is shewn in ]?ig 39. 
The cathode S la a small aluminium disk, the anode JP being 
placed in a side tube A brass disk pierced with a small sht 
along the axis of the tube limits the rays to a narrow pencil, 
and to narrow the pencil still further a second brass disk 
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siiailarly pierced but with a still finer slit is placed at B some 
distance from A A very fine flat pencil of rays is thus obtained 
wbicli m the absence of any deflecting fields falls on a fluorescent 
screen of barium platino-cyanide or powdeied willemite at tbe 
far end of tbe tube. 

Tbe electric field is appbed by two parallel plate electrodes 
J, K, tbeir planes being parallel to tbe path of tbe rays. Tbe 
lower plate is earthed while tbe upper is charged to a suitable 
potential by means of a large number of small accumulator 
cells The field can thus be calculated if tbe distance between 
the plates is known. Tbe deflection pioduced by tbe field on 
tbe negative particles of tbe rays is in tbe direction of tbe 
field, that is, in tbe plane of tbe paper 

Tbe magnetic field is applied by a small electromagnet placed 
with its poles at right angles to tbe plates J, K Since tbe 
magnetic deflection is at right angles to tbe magnetic field tbe 
magnetic deflection is also in tbe plane of tbe paper. 

Suppose now that both tbe magnetic and tbe clectiic fields 
are uniform and cotermrnous being appbed over a short length 
LM of tbe path of tbe particles. The two fields produce deflec- 
tions in tbe same straight lino and by properly adjusting tbe 
sign and intensity of tbe electric field these two deflections 
may be made to neutralize each other, a condition tbe fulfilment 
of which can be ascertained by tbe return of the spot of light 
on tbe fluorescent screen to its undeflected position. Under 
these conditions we have by (39) 

v^XIH 

To find e/m for the particles we must now measure tbe deflection 
pioduced either by tbe magnetic or tbe electric field acting alone. 
Taking tbe former case tbe path of tbe particles while in tbe 
uniform field is bent into tbe arc of a circle of ladius p given by 
l^He 
p mv ‘ 

On emerging from tbe field at K the particles will continue to 
move along tbe tangent to tbe circle at K. The angle PNO 
through which the rays are deflected is by tbe geometry of tbe 
figure equal to the angle LOM, that is, to LMJp. Thus 
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from wliicli p can bo dotemuned \\lieii the deflection 

p ON 

aiul the duueiiHioiis ol the apjiaiatiis aie known Since the 
magnetic field and the velocity v aie both known, ejm can 
be calculated 

The electiostabic deflection can also be calculated The 
acceleiation produced in this case is parallel to the field, that 
IS, perpendiculai to LO and eijiial to Xejm If the time during 
which the particle is in the field is t this produces a velocity 

X (e/m) t or in a vertical direction On leaving the 

held the paiticle moves with these tno velocities Hence 
if P' is the defleofed position of the rays OF'jOM is ecpial to 
the ratio of the horizontal to tho vortical velocity, that is, to 


^ LM 
m ’ 


(44) 


which can he evaluated tor ejm since the field *Y and the velocity 
V aie known 


It IS obvious that under the conditions of the experiment 
neither of the fields can he poifcctly nnifoim owing to the 
disturbances near the edges of the plates and the poles A cor- 
rection can bo apphed as follows 

Since the curvature of the path is small we have appioxi- 
mately, if x is the co-ordinate of the particle measured along 
the nndistuibed path LO and y the oo-oidinate at right angles 

to it. - = T Hence 

p 

da® mv ’ 


Similarly the electric deflection OP' 

. («) 

If these integrals ai e evaluated, which can he done when the 
distribution of the two fields is known, we have two equations 
for deLerinining ejm and v. 

c I 7 
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49 Kanfmann's method (d) of determimng ejm A Bome- 
\Yliat diflerent method was used by Kaufmann In order to 
obtain a very uniform magnetic field of calculable value he 
enclosed the whole of the path of the cathode raj^s from the 
limiting aperture to the sciceii 
111 a uiiifoimly wound solenoid 
(Fig 40) The magnetic ob- 
servations could thus be made 
with considerable accuracy. In- 
stead of measuring the electro- 
static deflection oi the rays he 
assumed that the energy of the 
cathode particles was that due 
to a fall through the whole 
difforenoe of potential between 
the cathode and the anode, that 
IS, to Fe where F is the difterence 
oC potential between the elec- 
trodes of the discharge tube. 

F was measured by an electro- 
static voltmeter. This assumption imjilies that the efleot of 
the collisions of the rays with the residual gas is negligible. 
To test this point experiments weie made for many different 
pressuics of the gas m the tube These difterent expeiiments 
were found to yield exactly the same results and hence, since the 
collisions would he relatively more frequent at high pressures 
tlian at low, ICanfmann’s aasimiption seems justifiable. Hence 
we may wnte hnv^ — Fe, 



A very careful investigation of the magnetio field was made 
and the integral (46) evaluated In tbis way Kaufmann obtained 
a value lor e/m of 1'77 x 10’ absolute e.iu u per gm ; a value 
veiy near the iiioaii of the best recent observations 

50 The magnetic spectrum Since the velocity of the 
cathode particles depends on the difference of potential between 
the ends of the tube it will vary with the conditions of the experi- 
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jnent In an ordinal'}'' discJiaige tube run by aii induction coiJ 
the cathode rays are fai from homogeneous since the potential 
dilleiencc between the teiimnals ol a coil is not uiiiforin but 
uses rapidly, at each mteiruption of the current, from zero 
up to a certain maximum Hence the cathode rays 'will contain 
particles having velocities coiiesponding to varying differences 
of potential from the minimum value necessary to produce the 
discharge up to the maximum value given by the coil. On 
applying a magnetic field, therefore, the single spot of light 
due to the undeflected beam will be diawu into a line at light 
angles to the lines of the field, each point of which will correspond 
to rays of a definite velocity. This efiect is often known as a 
magnetic spectrum 

51. Numerical value of ejm Though the values of v 
vaiy with the conditions of the experiment, the values obtained 
for ejm are iiivaiiably the same. Many experiments have now 
been made using different electrodes and different gases at 
different pressures. Experiments have also been made with 
other sources of elections, such for example as the j9-iays given 
off by radio-active bodies, the elections emitted by heated 
oxides, and by the action of ultra-violet light on metals, all 
of which we shall consider latei In every case, however, the 
value of the ratio ejm is within the limits of experimental 
error the same It is thus independent of all conditions and is 
a iimveisal constant A few of the many results obtained are 


Table III 

ejm foi elections from v.irious sources 


Obsebvpr 

SouBCE Ol’ Electrons 

elm 111 0 in u 
poi ijm 

Kaufm.inu 

f!Ussoii 

J’csteliiicji'i 

Ufatisso/ 

Woltz 

hudlGlCl' 

(duiolui 

C.ithndo lay.s 

Hot Inno 

Slow from i.ulium 

Zeeman cftect (moan v.-iluo) 

1 77 xlO’ 

1 771X10’ 

1 770X10’ 

1 760x10’ 

1 709x10’ 

1 707 >< 10’ 

1 703X10’’ 
1771x10’ 


7—2 
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collected in Table III It will be seen that the value oi ejm does 
not differ appreciably from 1'77 x 10'^ e m.u. per gm which is the 
value we shall assume in this volume. Assuming that e has 
the value 1‘59 x 10“®“ emu, the electionic charge, the value 
of m is 9'Ox 10“^® gm or about 1/1800 that of the hydrogen 
atom The cathode particles aie thus very small compared 
with the smallest atom hitherto known 

52. Direct measurement of the velocity of cathode rays 
The velocity of the cathode rays has also been determined by 
direct experiment by Wicchert(l) The principle of the method 
IS as follows. The cathode rays from a cathode 0 (Fig. 4.1) 
fall normally on a hole m a screen A, and through another hole 
in a soieen A' on to a narrow fluorescent plate S. The rays are 
then deflected by a pcimauont magnet M placed near the 
cathode so that they all fall on the solid part of A, the screen S 



FiS 41 

in consequence being dark A circuit OPQR cariying a rapidly 
alternating current such as that obtained bj'' the discharge of 
a condenser is brought near AO, thus producing a rapidly 
alternating magnetic field This will set the beam of rays 
swinging like a pendulum at right angles to the field, and if 
the force is sufficiently great the oscillations will be sufficiently 
large to reach to the hole in A. Thus rays will pass through 
intermittently, and the screen S will again become bright 
A second ciicuit O'P'Q'R' is now brought up near A'S 
carrying the same alternating current as that in the circuit 
OPQR If the time taken by the rays to pass from A to S is 
zero the two magnetic fields will produce at any instant fields 
of the same sign and intensity, hence the rays between A' 
and S will suffer the same deflection as between C and A and 
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Will be deflected oil the sciecn wMch will thus be always daik 
If, Iiowcvor, tlic tunc taken by the lays to pass from A to S 
IS such that the cuiient has changed its phase by one-qiiartei 
of a period diumg that time there will be no current in O'P'Q'R' 
when the rays leach A' Thus the rays will snfier no further 
deflection and the screen will become bright 

Thus the screen will become bright if the time taken for the 
rays to desciibo a distance AS is equal to the time taken for 
the current in the wires to change by one-quaiter of a whole 
period, that is, to JL/c, where c is the velocity of light and 
L the wave length of the current vibrations The latter can be 
determined expeiiraentally by any of the methods for deter- 
mining wave lengths used in wireless telegraphy. Hence finally 

v = A8y 

The values thus obtained were of the order 3 x 10® or about 
one- tenth of the velocity of light This result is of importance 
as proving dii’ectly that the cathode lays do not travel with 
the velocity of light and thus are not other pulses 

53 The positive rays. We have seen that if a solid 
obstacle is placed in a discliaige tube within the Crookes daik 
space it casts a shadow not only on the further walls of the 
tube but also on the cathode itself This indicates that there 
arc in the tube particles moving toward the cathode and, 
therefore, presumably positively chaiged If a hole is made 
through the cathode normal to its surface these rays can be 
seen streaming tbioiigh and causing phospborescenec m the 
residual gas behind the cathode This phosphorescence is 
generally quite distinct in colour from that produced in 
the same gas by the cathode lays In helium, for example, 
the path of the cathode rays is marked by a bluish light while 
that ol the Kamlstruhlen, oi positive ruy.i as they are now called, 
i8_ marked by a red glow 

The positive rays are now known to consist of positively 
charged molecules of the vaiions gases m the discharge tube, 
moving with considerable speeds under the intense electric 
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field of tlie discharge Their investigation proved a matter of 
gieat difliciilty owing partly to the very intense ionization 
which they produce in the lesidual gases of the discharge tube, 
and partly owing to the secondary radiations to which they 
give rise When a positive particle in the ray collides with a 
gas molecule, since the two are of compaiable mass, it is 
fiequently not the ongmal particle but the molecule struck 
which continues the course of the rays, and this molecule may 
or may not he charged. Unless these effects are eliminated 
very curious and misleading results may be obtained. These 
effects may obviously be diminished by working at very low 
pressures so as to reduce the number of molecules of residual 
gas. On the other hand if the exhaustion is made very complete 



it becomes a matter of veiy soiious difficulty to obtain a dis- 
charge through the gas at all, and accurate measurements 
become impossible 

54. Thomson’s experiments on the positive rays Pro- 
fessor Sir J J Thomson (5) was eventually after considerable 
I'Gseaich able to overcome these difficulties. One form of his 
apparatus is shewn in Pig 42. 

The dischaige takes place in a laige bulb B of considerable 
sue, it having been found that a discharge takes place much 
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more readily at very low pressures if the discharge tube is of 
considerable volume At one time bulbs of 10 or 50 ciiis 
dianictci were employed but it has since been Jound that a 
diameter of 20 cm is sufficient lor the purpose The cathode 
C consists of an aluminium lod with a rounded end, pierced 
by a very line copper tube This tube which was generally less 
than 1/10 mm in diameter, and in some exjpeiimonts as httle 
as 1/100 mm diamctei, was made by drawing down oidmary 
narrow copper tubing through a diaw plate In this way when 
the discharge is passing an exceedingly fine pencil of positive 
lays is obtained It is obvious that with a tube as narrow as 
1/10 mm any stray magnetic field will deflect the charged 
particles constituting the rays against the walls of the tube 
where they will be lost To picveiit this the copper tube is 
enclosed in a thick tube D, of soft non Screens E, E also of 
soft iron are used to protect the mam discharge 

Owing to the strength of the discharge considerable heat is 
produced at the cathode It is theiefoic suirounded by a water 
jacket, not shewn in the diagram, to keep it cool, and so to 
protect the numerous sealing wax joints in the neighbourhood. 

The narrowness of the tube perforating the cathode serves a 
double purpose It not only produces a very fine pencil of rays 
thus giving a very clear luminous spot on the phosphorescent 
screen oi photographic plate jilaced at P, but it serves to 
separate very effectively the discharge tube B from the measuring 
apparatus, or camera as we may term it for brevity Owing 
to the fineness and length of the tube which is the only connec- 
tion between the two, diftiision takes place very slowly through 
it, especially at the low pressures used If the camera is con- 
tinuously exhausted thioiigh the side tube L, by a large tube 
of charcoal kept cool in liqiud air, it is possible to have liie 
gas in the camera at a consideiably lower ])rPssuio than that 
in the discharge tube Thus wo can keep the jiressuie in the 
discharge tube at the value most suitable for the discharge, 
and at the same time maintain the vacuum in the measuring 
part of the apparatus so low that the positive rays are not 
seriously affected by the presence of residual gas To keep 
the pressure in the discharge tube constant, fresh supplies of 
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tlie gas iindei' expeiimeiii. aie introduced at a veiy slow rate 
till ougli a side tulic 

To lueasuic the velocity and the latio of the mass to tlio 
charge for these jiarticles, the same piineiples are employed 
as 111 the case ot the cathode rays, the method adopted being 
that in which the two fields aie applied lu the same direction. 
The method of doing this, which is rather ingenious, is indicated 
in the figme The pole pieces N and S arc let into the sides oi 
the chamhor, the joints being made gas tight with scaling 
wax They are electrically insulated from the coie of the large 
electiomaguet by thin strips of ebonite m, m By connecting 
the magnetic pole pieces to the opposite poles of a laxge battery 
of small accumulators they can thus be used to apply the 
electrostatic held also 

Since the two helds are parallel the displacements they 
pioduce m the path of the rays null he at right angles 
to each othei, the electrostatic displacement being m the 
plane of the diagram, the magnetic displacement at right 
angles to it 

In the hnal form of the apparatus the huoiescent screen P 
was replaced by a photographic plate The positive rays 
affect the plate at the point where they strike it in the 
same way as light, so tliat on developing the plate the points 
struck by the particles ajipear as black spots or lines on 
the clear glass The plate can then be placed under a 
travelling microscope and the deflections measured with 
accuracy 

The magnetic and electiic displacements oi a moving charged 
particle under the conditions of the experiment have already 
been calculated (§ 48) Taking the approximate formulae of 
§ 48, ni which the fields are assumed to he constant over the 
whole of then extent, we should have, if x and if are respectively 
the electric and magnetie displacements of the paiticle, 


where D is the distance of the photographic plate from the 
field, d the length of the path of the particle in the field and E 
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and m its charge and mass. Taking the acciirate formulae 
( 15), (46), we have 


The values of these integrals depend only on the applied field 
between the plates and the geometry of the apparatus Hence 
for a given tube we can write them in the form 


a: = /ii 


(.18) 


where and are constants for a given apparatus and can 
be evaluated experimentally if required. Combining these 
equations we have 

x~ liX’’’ 
x~ li X m 


(19) 


(60) 


Thus if the two helds are maintained at a constant value 
throughout the expeiiment yjx is a measnie of the velocity of 
the particle and p/x a measuie of the latio of the charge to the 
mass The values of ^ and // can be obtained by measuring the 
co-oidinates of the deflected spot on the photogiaphic plate 


55 Positive ray parabolas Let us consider the matter 
111 the light of equations (49) and (60) 

If all the particles had the same velocity and the same value 
- of Ejiii they would all be deflected to tbe same extent m the 
. two fields, and tlie deflected lays would strike the scieen in 
I a single spot Let us cmisidei the pioduction of tbe particles 
,j in the discharge Borne will be formed near the anode and will 
thus fall through the whole difl'eience of potential between 
\ the cathode and the anode Then eneigy will thus bo VE whore 
' y IS the diifeieiico of potential between the electiodes, and they 
will reach the cathode with a velocity v given by 
Imv^ — VE. 
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This IS obviously the maximum velocity the particles can 
acquire Those formed nearer the cathode will only fall thiough 
a fraction of this potential and will approach the cathode with 
smallei velocities Hence the bundle of rays will contain par- 
ticles of all velocities up to a certain maximum which will be 
a constant for the tube Thus on applying the fields the single 
undeflected spot of light will be drawn out into a band on 
applying the two fields Tt is obvious from equation (50) that 
all particles whatever their velocity for which the value of Ejm 
is the same will he on a single curve given by 
y’^jx = constant 

which IS the equation to a parabola If the stream of lays 
eiiternig the two fields contains sets of particles for which 
the values of Ejm are different, they will be sorted out into a 
senes of parabolas, each of which coiiosponds to some definite 
value of the latio Ejm 

EIL 

Again since the electric deflection x is given by a: = A', — = , 

and since the maximum value of v is given by \>no^ = VE the 
smallest possible deflection we can obtain is given by 



and is constant for all the particles no matter what their mass 
and charge, if the deflecting field and the potential across the 
tube remain the same Thus all the parabolas will stop abruptly 

Y 

at a line drawn parallel to OY at a distance 1 7^^ "y fioin it 
If the magnetic field acts in the same direction tliioiighout 
the expeiinront only one branch of each parabola will be ob- 
tained By reversing the field half way through the experiment 
the direction of the deflection can bo reversed and tbns the lower 
half of the paiahola can be obtained on the plate. This is 
always done in practice as it increases the accuracy with which 
the displacement can he measured Thus oii development the 
plate should have an appearance such as that shewn in Fig 43, 
which represents the case of two sets of particles 
Two typical photogiaphs taken by Sir J. J. Thomson by this 
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raetliod aie shewn in Figs 44 a and b. It wdl be seen that 
the single undeflected spot is drawn out by the action of the 
Helds into a senes of emves 
one above the other which can 
be shewn by measurement to 
be parabolas The curves in 
the lower half of the diagram 
are produced by reversing 
the magnetic field half way 
through the exposuie, as al- 
ready explained. It will be 
seen that they reproduce ex- 
actly the theoretical curves of 
Fig 43 

It IS evident from equation 
(50) that the most deflected 
parabolas correspond to the 
greater values of that 

IS, assuming all the particles 
to carry the same charge, to 
the lighter particles Evalu- 
ating the constants it was found that the value of Ejm for 
tlio most deflected parabola of all the values was almost exactly 
lOh This as we have seen is the value of this ratio for the 
hydrogen loii in electrolysis The most deflected parabola 
corresponds therefoie to a hydrogen atom carrying a single 
electionio chaige To find the value for any other parabola we 
may proceed as follows Draw any ordinate cutting the two 
parabolas (Fig. 43) m p, p' and 5 , q' and the axis of X nr n 
Then since x is the same for all points on the ordinate we have 
(pp()2 ^ pw3 ^ if^lx 
{qq')- qn^ y^'jx 

= (51 ) 

If we can as.sume that the two sets of particles carry the same 
charge the ratio - measures the ratio of the masses of the 

??i^ 

two particles, or in other words if the outer parabola is that of 
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the hydrogen atom, the ratio gives the molecular weight ol 
Lhc paiticle lomuiig the paiabola 
The matter is in geneial not (|iiito so simple as this, since 
it IS foruicl that the particles in the positive rays may carry 
charges which aic greater than the unit charge, that is, they 
may he atoms oi molecules which have lost more than one 
election. If they have lost n electrons the value thus deduced 
will be 1 /«th of the molecular weight The method of piocedure 
and the nature of the results obtained will bo clear from the 
example given in Table IV which refers to a photograph taken 
with atmospheric nitrogen in the tube The hrst column gives 


Table IV 
AtiiwspJmic mUotjen 

Potential across dischaige tube, 30,000 volts, cunent tluougli 
magnet, 3 5 ampeios; potential dificreiice between plates, 200 volts 


NATTOB Oe PAHTianli 


30 0 
38 7 


200 

100 

07 

U 

‘SO 

28 


Ify h Jloioluy atom vmUi single oliaijio 
Jlg+ I Moicmy iitoni with two oliaTges 
f[g 1- I + Alc'rcuiy atom witli lliieo cliaigcs 
Ot)j+ JMolooulo of oailion dioxulc 

A I- Algol! (40) with smglu ohaigo 

N, + Nitiogon moluoiilo with single ohaigo 
No + Noon with singlo ohaigo 
O + Uxyucix atom with single oliaigo 

N + Nitiogeu atom with single ohaigo 

C+ Diiibon atom with smglo ohaigp 

N + + Nitiogon atom with double ohaiga 


the distance 'pp' between the two limbs of the same paiabola 
(winch aic obtained as already cxjilained by reversing the 
magnetic field in the middle ol the exposure), the second 
column the value deduced foi the latio mjE, the value lor the 
hvdrogen jiarabola being taken as unity. It therefore gives 
the molecular weight of the particles forming the parabola 
assiumiig them to have the unit charge The last column gives 
the oiigin assigned to the pai tides, a double electronic chai ge 
being expressed by two plus signs (+ +), and a triple charge 
by three It will he seen that the lays contain atoms and 
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molecules of uitiogeji together with othei atniosphciic gases 
sucli as aigon and neon, carbon dioxide and caibon, probably 
fioiu the grease used on the taps, meicury vapour from the 
pump, and oxygen, probably due to moisture The hydrogen 
parabola has been deflected oft the picture altogether. 

It will be noticed that in several instances it is necessary 
to suppose that the particles carry twice or tluec times the 
unit charge In the case of meremy as many as eight units 
of charge are occasionally met with giving a parabola the value 
of mjE for which is 200/8 or 25. The parabolas formed by the 
multiple chaigod atoms are always less distinct than those 
due to the same carriers with single charges This result is 
often of value m enabling us to deteiiiiine the origin of a given 
parabola, for example to distinguish between a singly chaiged 
atom of nitrogen and a doubly chaiged molecule of carbon 
monoxide, which would give the same value for mJE In some 
cases however tiro uncertaiiitj' cannot be cleared up except 
from a consideration of the gases most piobably present in the 
tube under the condrtions of the experiment. 

56. Negative parabolas In some of the positive ray 
photographs parabolas are seen in the opposite t|uadiaiit to 
those we have ]ust been considering These give the same 
values for Ejm as those nr the hrst quadrant but it is obvious 
that the particles must cany negative instead of positive 
charges, since both the electrostatic and the electromagnetic 
deflections aie m the opposite direction to those for the positive 
pai tides Since these pai tides have come thiough the cathode 
it is also evident that they had a positive charge while in the 
discharge but that this charge had been not only neutialized 
but reveiscd before leaching the deflecting fields, that is, duiiiig 
their passage along the fine copper tube It must be remem- 
bered that the positive rays produce ionization in the residual 
gas through which they pass and hence are siiiiounded by 
negative elections If the positive paitide ac(|iures two of those 
during its passage down the Lube it will have a unit negative 
charge when it emeiges and hence will give use to a negative 
parabola If only one is taken up it emeiges uncharged and is 



110 IONS, ELECTRONS, AND lONIZINU RADIATIONS 

then undcflectod hy the fields This is probably the fate of the 
majority of the particles m the rays srirce there is always an 
undeflected spot on the plate as shewn m the photographs in 
Figs. 44 a and 6, which is generally much more intense than any of 
the parabolas The negative parabolas are most marked in the 
case of oxygen and the halogens, as wc should perhaps expect, 
these elements being markedly electro-negative m character 
Strangely enough the phenomenon also occurs with the hydrogen 
atom It has never been observed with nitrogen or helium 

57. Positive ray analysis The method can obviously be 
employed to analyse a given gas, at anj rate qualitatively For 
this purpose it is far moie sensitive than the spectroscopic method 
which has hitherto been the most delicate known. The sensi- 
tiveness of the method is deinonsiiatod by the following facts. 
Photographs taken with atmosphoiio argon m the tube at a 
pressure of 1/300 mm. of meiciuy always shewed the helium 
parabola qmte distinctly. The volume of the discharge tube 
was about two litres so that the volume of argon under experi- 
ment would have a volume of about 1/100 c.c at atmospheric 
pressure. This is the amount present mice of air We can 
thus detect the helium present in a single cubic cm of ordinary 
air. According to Ramsay this is of the order of four millionths 
of a cubic cm The experimental difficulties are, however, 
great and the method is not likely to come into general use 

The importance of the method is that it measures the masses 
of individual particles, whereas chemical methods of determining 
atomic weight give only the average mass of the atoms of an 
element, all the atoms of the same element being asisumed to 
be identical Sir J. J Thomson has shown that the neon line 
(atomic weight 20) is always accompanied by a fainter line 
corresponding to an atomic weight of 22 The substance forming 
this lino is inseparable from neon by any chemical treatment. 
Radio-active theoiy (§ 339) had already suggested the possibility 
of ilieexisteneo of substances identicalin chemical proper Lies, but 
difiering in atomic weight Such substances aic called isotopes. 
Thomson’s experiments suggest strongly that the existence 
of isotopes IS not confined to the radio-active elements but that 




Mass SpeoUmr 
ot Chlorine 
l?iom Aston’s 
Isotopes) 
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noon consistN of a mixture of two isotopes having atomic weights 
of ‘20 and 22 

The method may also have applications in the study of 
chemical decomposition Owing to the fact that the paiticles 
registci themselves on the plate m a time ivhioh is generally 
considerably less than a milhonth of a second, very unstable 
combinations of atoms may be found among the particles in 
the positive lays Thus, if the tube contains methane, parabolas 
are found representing not only methane itself and its consti- 
tuents caibon and hydrogen but also the intermediate stages 
CH, CHa and CII3 

Only certain elements seem capable of entering directly into 
the positive rays The metals are noticeably absent Mercury 
always gives woll-raaiked parabolas if present even in minute 
traces, and nickel has been obtained when nickel caibonyl 
IS introduced into the tube, but only with much difficulty. 
The othei volatile metallic compounds give no trace of their 
metallic constituent among the positive lay paiabolas produced 
If, however, the anode is made of wire coated with the oxide of 
a metal, and 1 aised to incandescence by passing a suitable cur- 
rent thi ough it, positively charged atoms of the metal are emitted 
by the anode (§67) and these anode lays can be treated in 
exactly the same way as the oidinaiy positive rays. 

58 The mass-spectrograph Aston’s experiments By 
an ingenious modification of the original method, permitting the 
use of much greater dispei sions without loss of intensity, Aston (6) 
has been able to measure the masses of the atoms in the positive 
lays with an accuracy which compaies favoin ably with that 
attained m chemical measurements of atomic weight In the 
oiigmal experiments already desciibcd the positive particles 
having the same value of e/m but diffeiing in velocity are 
scatteied along a parabolic cun’’e of considerable length The 
intensity at any point on the cuive is theiefoie small, and if 
the original beam of lays is at aU fine very prolonged exposures 
are reriuned to obtain a mcasuiable trace on the plate If the 
particles of difEeient velocity but the same mass could all be 
focused on the same spot it is obvious that a much finer pencil 
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ol lays could be emplov’’ed, together with much gieaLer dis- 
pel sioii, Avithoiit at the same time making the necessaiy ex- 
posuie unduly long 

This has been achieved by Aston in the following way A 
iiaiioAv pencil of positive lays is passed fust thiough the eleotiic 
field between a pair ot parallel plates and is thus spread out into 
what may be called an electric spectrum The deflection 0 of a 
given particle is given by etpiatioii (44), § 48 If the deflections 
are sufficiently small we may write OP' jOM ~ 6, whence 

= X LM ^ = XI ~ if LM = 1. 
m m 

The deflected rays then pass through a magnetic field, aiiaiiged 
so as to produce a deflection of the i ays in the opposite diiection 
to that of the electrostatic field The deflection cj) produced is 
obviously C(|ual to Ljp whei e L is the length of the path in the 
magnetic field and p the ladius of cun'’ature produced (see 
Fig 39) Hence by eipiatioii (37) we have 


Now in a given expeiiinent A', 11, L and I arc constant Hence 
foi all particles winch have the same value of ejm, we have, by 
diifeieiitiatiiig 


m 28a 
d V 


= 0 , 




Now Sd and Sc/j lepresent the change in the deviation produced 
by the electiic and inagiietic fields of particles having the same 
c/)ft when then velocity diffeis by Sc Those diflerences will be 
equal if the mean electric deflection d is one-half the mean 
magnetic deflection ^ Since the deviations are m opposite 
directions the total delation would be zero and the rays would 
emerge as a parallel beam Owing to the dispersion produced by 
the electric field, however, this beam would have a finite wnltli 
By increasmg the magnetic deviation this beam can be brought 
to a focus 
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Let us suppose for simplicity that the eleotiic field can be 
supposed conceutrated at a point Z (Fig 47) and the magnetic 
field at a point 0 Then ZOP will be the path of one ray and 
ZO'P that of another of the same mass but of difterent velocity 
Then since 5 and t/> arc both very small angles m practice, wo 
have 00' = 0Z 8d = OP 8 {cf, - 6), 

OP Sd _2d 

OZ 8 (^ - 0) ~ ^ - W 

by the [)revioii8 equation Now in all cases the particles are 
most numerous near the heads of the different parabolas The 
moan kinetic energies of the diflerent kinds of particles will be 
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therefore very much the same (p lOG) and the average value 
of the electrostatic deHection will be the same foi all kinds of 
particles Thus 6 is approximately constant and 
OP — 2d) = OZ 20 = constant 
This gives the locus of the foci of rays of diflerent masses This 
IS approximately a straight line making an angle of 26 with the 
direction ZO and passing through the point Q for which OQ = OZ 
and the magnetic deflection ^ = 40 A photographic plate 
placed along this line will be m focus for a veiy fair lange of 
different masses, each different kind of particle being brought to 
its own focus The fineness of the focusing and the dispersion 
obtainable are shown m Fig 46 which is reproduced from one of 
Aston’s plates 

Thus particles having the same value of ejm are brought to a 
single point, instead of being spread over a parabolic arc 
Extremely narrow beams can be employed, and the position 
of lines obtained can be measured to an accuracy amounting 
in the case of a good plate to one part in a thousand. 
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TKe results have proved most interesting Taking the mass ol 
the oxygen atom as IG 00 the mass of every othei particle as 
registered on the plates is also an exact whole number Elements 
whose accepted weights, on the basis of 0 = 16, differ fiom whole 
numbers are found on investigation to consist of mixtuies of 
isotopes, each of which has a Avhole number for its atomic 
weight Thus neon (20 2) consists as we have seen of a mixtnie 
of gases of identical chemical propeities but having atomic 
weights of 20 and 22 Chlorine (35 4) is a mixture of atoms of 
mass 35 and 37, while Krypton (83) appears to be a imxtm'e of 
no less than six isotopes with integral values lor then atomic 
weights langiiig from 78 to 80 These differences in mass extend 
to the molecular weights of the compounds of the dilfeiont 
isotopes Thus if hydiochloric acid is intioduced into the dis- 
charge tube jiai tides are obtained with masses 36 and38 (Eig 40) 
corresponding to the hydiogen compounds oi the two isotopic 
chlorines If the gas in the discharge tube is complex pi actically 
every position on the plate coiiespondmg to an intcgial value of 
the mass may be occujned by a hne, and the legiilaiity of tho 
spacing of these lines is voiy stiiking 

Only one exception to tho rule has so far been observed, 
namely hydrogen, the mass of which, on the basis 0 = 16, is 
found by the positive ray ineasuieuients to be 1 008, which 
agrees closely with chemical determinations All these facts 
find a ready explanation on Eutheifoid’s theory of the atom 

(§ m 


59. Electrical method of measuring positive rays Since 
the particles cany positive charges it is possible to detect them 
electncally Eoi this purpose the screen P (Pig 42) is replaced 
by a thick biass plate B (Fig 48) in which a parabolic slit 88 
IS cut at some distance fiom the centio A small Faraday 
cyhndei is fastened behind the sht as shewn iii Fig 48 {b), the 
inner cylinder being connected to a sensitive electroscope 
Keeping the electric field constant the magnetic field is gradually 
increased so that each parabola in turn, in moving out from the 
axis of A", passes over the sht in the plate The passage of each 
parabola across the sht is marked by a deflection in the electro- 
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scope II tlie current is measured tlie iclativo number ol 
particles iii each parabola can be determined The value oi 
mjE can be deduced fiom the corresponding values ol the 
fields, renieiiibermg that the value of y^/x is now fixed bp the 
position of the slit If the sht is made sulhciently narrow, the 
parabolas due to pai tides difiering by only one or two units 
of atomic weight can easily be distinguished. 

The results obtained shew that the photographic method 
may be very misleading if the relative daikness of the various 
lines IS taken as a criterion of the relative number of particles 
going to form the paiabolas For some unexplained icasoii the 
atoms of the elements of low atomic weight pioduce far more 
ellect on a photogiaphic plate than an equal numhci of atoms 
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Fig 18 

of a heavier element. Thus the hydrogen parabola may often 
be the most intense on the plate although the number of 
hydrogen atoms in the rays is shewn by the electrical method 
to form no more than one per cent of the whole (7) 

60 Secondary effects. Lines which are not parabolic are 
sometimes found on the plates These are generally due to 
particles which have lost thoir charge while actually in the 
two fields Their deflection, therefore, has a value mtei mediate 
between that of a charged and an unchaigcd particle These 
secondary efiects can generally be recognized as such by 
repeating the experiments at a slightly lower pressure, when 
owing to the smaller number of molecules available foi colhsions 
they either disappear or at any rate alter their appearance or 
position Unless they are carefully watched foi they are apt 
to give rise to misleading lesults. 
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Note on Eio 46 'I’he plate was taken ivitli the crystal making com- 
pli'le levolutions The spcctnim thus appeals symniotiicaily, both above 
and below the wide eoutial patch, which luailis the position ol the 
uiideviated poilion of the iiicTdeut beam Th(‘ ciitioal K absoiption limits 
of bionime and silvci (contained iii the emulsion) can lie seen in the 
continuous background as the increased absoiption of Iho lays at the 
ciitical fierjuouc.ies causes incioased blackoiiuig of the negative at those 
points The figure is a positive punt fiom the negative 
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61 Loss of charge from a hot body. The fact that heated 
bodies are unable to retain electric charges has been known for 
nearly two centuiies Thus it was found that a red-hot iron 
ball was unable to retain a positive charge but would retain a 
negative one, while at higher temperatures still it was unable 
to letain a charge of either sign. The early experiments were 
not made iiiidei very definite conditions and most of our know- 
ledge of the phenomena is due to experiments made since 1900, 
and very laigely to the woik of 0 VV. Richardson, who has 
given the name (ho imoincs to this branch of the subject. The 
curicnt lioni a heated body is thus known as the lliermiomc 
cut rent, while the carriers by which the disclitiige is earned aio 
known as thermions As we shall sec the negative cainers aie 
negative elections, while the positive carriers are positively 
charged atoms The terms are however very convenient, and 
will be retained 

The phenomena aie in geneial veiy complex, the cmrent 
depending on the nature and pressure of the surrounding gas, 
and on the nature and previous tieatmeiit of the heated sub- 
stance To simplify matters as far as possible wo will take the 
case of a metallic wiic which has been carefully treated to 
remove iin])uiities, heated m a high vacuuin so as to elimin- 
ate all effects due to the presence of gas The effect can 
be studied conveniently with the apparatus shewn in Fig 49. 
The WHO AB to be heated is surrounded by an outer metal 
cylinder CG which leinams cool duiing the expeiimciit, the 
whole being enclosed in a glass vessel which can be evacuated 
The wire is heated by a curient from an insulated battery of 
cells and the tompeiature of the wire can be estimated by 
measuring its electiical iifesistance and thus making it serve as 



118 IONS ELECTRONS, AND IONIZING RADIATIONS 

its own resistance thermometer If the wne is laised to a suitable 
small potential a current flows from the hot wne to the cool 
cylmdei. This current can be measured either by the electro- 
meter method, or in many cases simply by allowing it to flow 
to earth through a galvanometer. 

Initially with a new wire the current will flow thiough the 
tube whether the wire is negatively or positively charged 
shewing that thermions of both signs are emitted If, however, 
the wire is kept glowing for some tunc and the gases evolved 
from the heated wire are continually removed by pumping, or 
better still by sweeping them out with pure oxygen, it is found 
that the positive current rapidly decreases and finally becomes 
negligibly small The negative emission is also much reduced 
by this process but finally settles down to a steady value In 
a good vacuum the thermionic ciiiicnt is independent of the 
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potential difteienco if the latter exceeds a few volts The maxi- 
mum current between the electrodes under given conditions 
IS known as the saturation current by analogy with the case 
of the current through ionized an The tempeiaturc to which 
the wire must be raised for an appreciable current to flow 
depends on the nature of the substance For platinum a torapera- 
tiiie of about 1000° C is requiied, foi sodium on the other hand 
there is a very considerable thermionic emission at temperatures 
as low as 300° 0 

62 Nature of the negative thermions The value of 
the latio e/m for the negative thermions emitted by a hot wiic 
can be deteimmed by making use of equation (43), § 47 (i) 
A measured difference of potential is applied between the hot 
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Wire aiifl tlie outer cvlmder and a maonctic field is applied 
at Tight angles to the electrostatic field and paiallel to the 
elect] odes The va,lue II ol the magnetic field which is just 
sufScieiit to prevent the theiimoiis reaching the cold electiode 
IS found whence ^ cyy 

m^IiW 

where V is the dilloieuce of jioteiitial between the elccti'odcs 
and d then distance ajiait. lii this way a value of 1 0 10'^ 

was obtained for e/in loi the negative thermions, agicemg as 
well as could be expected with the value of the same ratio for 
an election. 

63 Variation of the current with temperature The 
theiinioiiic cuiient increases very lapidly as the tem])eraLure 
of the wire is increased. Richardson (2) has found that in every 
case the relation lietweeii the saf iiralio a cm rent and teiiiporatuie 
can be represented by an epuatiou of the foim 

t = A0-c~l . . (62) 

wlicie A and b arc con.staiitR for a given substance This 
lelationship ajiplics to all cases of theinnomc cmisbion, not 
only to that of pure metals, hut also to cases .such as that of 
caibon, and heated oxides whore the cuiicnt is often over a 
thousand times greatei than that from, say, piue platinum 
It thus 1 opresents a very fundamental pi operty of theimiomc 
emission. The lelatioii is lepresented graphically by the curve 
of Fig 60 which is diawii foi the case of a platinum wire, 
the constants for which weie 

J = 6 9 X 10^ and b = 65,000. 

For puie platinum in a good vacuum the observed cuiient was 
at 1375° C, 1'57 x 10“® amperes per square cm of aica, and 
at 1500° C , 128 x 10“® The calculated values using tlie above 
constants aie ic.spectivcly 1-49 x 10“® and 123 5 X 10“® 
The results agree to within a few per cent 

64. Theory of thermionic emission Lot us assume that 
a conductoi contains scattered tlrrough its volume a large 
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nurabol ol Ii'co electrons There is mucli evidence lor this view. 
It will, for example, enable us to account for the conductivity 
of the conductoi by assum- 
ing that the electrons move 
through the metal under the 
action of the electiic held m 
the same way that the gas- 
eous ions move thiough a 
gas The existence of these 
fieo electrons has also been 
postulated to explain the 
Peltier effect, the Thomson 
effect and vaiious optical 
phenomena 

Let us assume also that 
the electrons m the metal 
behave like the molecules of a 
pciiect gas Since the spaces 
betiveen the atoms arc laige 


tOBO" 1100° lt30° 1200' 
Temperatwe 
Fig 50 


compared with the radius ot an electron this assumption seems 
justifiable. In this case the electrons will he moving with the 
Icmetic eneigy characlciistic of the temperature of the substance 
in which they find themselves Their velocity will therefoio 
inciease as the squaic loot of the absolute temperatiuo Thus 
the mean velocity of the electrons at an absolute tempeiatuie 
& IS given l)y ~ uO, oi 


-s/! 


( 53 ) 


wheic a is a constant which is the same foi all gases. 

While the elections are ui the metal they arc perfectly free 
to move, except iii so far as then motion is changed by collisions 
with atoms of the metal or wuth other elections If, however, 
an election passes the siuface, its charge will induce an opposite 
charge on the suiface of the metal and work must be done to 
carry the election completely awmy from the surface against 
the mutual attiactiou of the two charges 

The election will succeed in escaping if its kinetic energy 
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in a diicction normal to the suriace is greater than the work w 
which must be done m separating the electronic charge from 
the suriace, that is, if > w. 

The velocities of the electrons will be distiibrrted about the 
mean in the way given by Maxwell’s distiihution law Theoreti- 
cally there should at any temperatuie be occasional electrons 
possessing the necessary velocity, but at oidmaiy temperatures 
these will be very few As however the temperature is raised 
the value of the mean velocity increases and hence the number 
of electrons possessing the minimum energy increases too, and 
the number escaping incieases at a rapid rate If the elections 
remain in the sjoace around the metal, they will accumulate 
until their pressure is so great that the number returning to 
the metal surface is ecpial to the number leaving it We can 
easily find the ratio of the numbers m the two media when 
equihbiium is established 

If n IS the numbei of electrons in unit volume, p the pressure 
of the elections and X the electric force acting on an election, 
the total ioice acting per unit volume must be equal to the 
rate of change of jirossme Thus 



But p = pOji by the kinetic theory where /S is a constant which 
is the same foi all gases Thus 

lie'‘£-Xn . . (54) 

Let US integrate the equation from a plane within the metal 
surface to a paiallel plane outside it. Then if n' is the numbei 
of elections per unit volume in the space above the metal, 
N the number in the metal itself, 



n' = Ne fid , (.bl) 

where iv = j Xdx i& the wmrk which must be done to drag an 
electron out of the metal. 
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Tlie number of electrons returning to the metal suiface pei 
unit area per second can easily be calculated from the kirtetic 
theory If we make the usual elementary assumption that the 
niimbei of paiticles travelbng in each of the six directions 
parallel to the faces of a cube is oiie-sucth of the number present 
in the gas, and that all the paiticles possess the mean I'elocity 
V foi the tempeiatuie, the numbei Wg striking the suiface per 
unit aiea m one second will bo all which are tiavelhiig noimal to 
the suiface whose distance from the suiface is loss than v, that 
IS, n'v/Q Substituting foi v its value m terms of 9 we have 

(56) 

® G V m. ^ ’ 

The more coneot value, taking into account the distribution 
of velocities among the particles, can be deduced from the 
kinetic theory. It diflois only from the one given by a niuneiical 
constant Hence we have 

Vo = Cii'e^ . (57) 

where C is some constant for the electrons 
Now in the crprihlnium state which we have been consideiing 
the number of elections leaving the suiface is equal to that 
leturmng to it Also the iiumbei leaving the metal depends 
only on the conditions in the metal and not on the piesenoe 
or absence of external electrons Hence the number of electrons 
leaving unit area of a metal at a temperature 6 is given by 
ng^On'd' 

= G6^Ne-fil . ( 68 ) 

The current is n^e since each electron carries a charge e. This 
IS obviously of the foira of the experimental curves provided 
that N, the number of free electrons per unit vohiine of the 
metal, is independent of the temperature 

65 Evidence for the theory of thermionic emission 
The hypothesis thus developed is capable of experimental 
verification m many ways For example, since woik is done 
111 extracting the electron theie .should be a cooling of the 
wire when thermions are emitted Thus moie energy should 
be required to keep the mre at a given tenijiorature if the 
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thermions are allowed to escape than il they aie all kept in 
the* wire by the application of a lotaiding electiic field This 
eifect has been investigated by Richardson (3) and is found to 
he of the magnitude demanded by the theory. Tire levexse 
eSect of the production of heat m a wiic when thermions aio 
absorbed by it has also been investigated and found to agree 
with the theory. 

A still moie satisfactory proof of the Iheoiy is adorded by 
tiic measurement of the distribution of velocities among the 
thermions omitted by the wire Since the velocities of the 
electrons m the metal are distributed accoiding to the Mavwell- 
Boltzinann law, it can he shewn hy tlie oidmaiy analysis of 
the kinetic theory that the velocities of the thermions which 
escape after parting with the definite amount of energy necessary 
to liberate them fioni the metal should also be distributed m 
the same way This has also been investigated by Richaidson (4) 
by a method based on Ihe following principle 

Let the cool electrode be mumtamed at a definite negaiive 
potential V The woik done by the negative electron in passing 
fiom the suitace of the hot stii]) to the negative electrode will 
thus bo Ve, and the electron will onlv succeed in reaching the 
eloctiode and imparting its charge to it if the kinetic energy 
is greater than Ve 

Thus the current reaching the electrode is a measure of the 
number of tlieimioiis whose kinetic eneigy peipendiciilar to 
the strip is gieater than Ve Jn this way the distribution of 
normal velocities of the theimions can be studied. A slight 
extension of the method can he used to measure the distribution 
of the velocities of tlic theimions in a cliiection parallel to the 
surface of the hot stiiji Tii both cases the distribution found 
agreed veiy closely with that deduced fioiu the Maxwell- 
Boltzmann law This experiment is of great mteiest, not only 
as evidence for the hypothesis of thermionic emission but 
also as affording a direct pioof of the validity of the assumptions 
of the lanetio tlieoiy of gases 

66. Discharge of negative electricity by various sub- 
stances The negative thermionic cuiient is pecuharly sensitive 
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to the presence of various gases, and notably of hydrogen. 
The admission of a veiy minute quantity of hydiogeii into 
the vacuum chamber, or even its previous absorption by the 
wire, IS 'found to increase eiioimously the cun ent from the 
wiie If hydrogen at a pressure of no more than 0-0000 mm. 
of mercury is admitted into the vessel the current from glowing 
platinum at a temperature of 1350° C is increased no less than 
2600 fold The relation between teinpeiatuie and current is 
still of the form given in (52) but the constants are both 
reduced, the value of A being reduced to 10®, while that of b 
is reduced to 65,000 A reduction in A by itself would 
dimmish the cun cut Owing howcvei to the foim of the equation 
the current depends principally on the value of b, and the 
small reduction in b is more than sufRcient to outweigh the 
very considerable decrease in A 

The effect is probably due to the condensation on the platinum 
of a layer of hydrogen Hydrogen is a very electro-positive 
element, and if we assume that the hydiogcn atoms in the 
condensed layer are positively charged their presence will 
produce a field between the gas and the metal tending to assist 
the escape of the elections from the metal Less work will 
thus be required to extract an electron from the metal Since 
b IS proportional to this work the value of b will be decreased, 
as IS actually found to be the case The reduction in A is probably 
bound up in some way with that in 6. 

For some solids the thermionic emission attains values very 
much greater than those obtained for pure metals in a vacuum 
Thus ordinary carbon as used in carbon filament lamps gives 
a negative emission which even in a good vacuum may attain 
the Older of scveial amperes pei squaic cm. This effect which 
IS known as the Edison effect has been used by Fleming to 
rectify the alternating currents set up in wireless leceiveis hy 
the action of the wireless waves The effect in carbon is however 
due to impuiities Pure carbon has been found to give tbeimiomc 
currents much smalloi oven than those fiom puie platinum 
The modern triode valve works on the same principle when 
used as a rectifier, and valves, on this principle, capable of 
rectifying cuirents of half an ampere are now procurable, the 



125 


EMISSION OE ELEOTRICIXY BY HOT BODIES 

cathode being a filament of tungsten at a lemperatme of about 
2200° C The emission at this tempeiatnio is about 1 ampeie per 
sq cm 

The eftect is also very marked in the case of certain metallic 
oxides, and notably those of calcium, barium and strontium 
Thus while pine platinum in air at low pressure gave a ther- 
mionic ciuient of about 5 X IQ-’ amperes per square cm of 
surface, the theimionic current fiom lime at the same tempera- 
ture was 5 X 10“® amperes per sq. cm , and for lime in an atmo- 
splieic of hydrogen no less than 1000 amperes per sq cm 
A strip of lieated platinum coated with a small speck of 
lime thus furnishes a very convenient souice of electrons and 
IS known as a Wehnelt cathode The strip of foil carrying the 


Table V 



a 

b 

Platinum 

Timgston 

Molybdenum 

Thoiium 

Calonm 

Sodium 

Lime 

Baiyta 

11 5 y 10" 

24 X 10“ 

22 xlO" 

2 X 10" 

1 76x10* 
16 xlOi" 

6 0 xlO’ 

12 xlO' 

51.000 

52.500 

50.000 

39.000 

36.500 
31,600 

40.000 

45.000 


speck of oxide is lieated by a cuiient from an insulated battery, 
and a suitable potential is applied between the stiip and the 
anode in the tube to give the electrons the desired velocity 
Under these ciicumstances a pencil of cathode rays is given 
out by the lime, which if the pressiue of the gas is not too low 
IS made visible by a blue phosphorescence in the gas along 
the path of the paiticles The deflection oi these rays in the 
magnetic and electiic fields can readily be demonstrated, and 
the value of ejm determined As we have already seen (Table III) 
it IS the same as that for the rays from an ordinary cathode 
The negative emission from these substances obeys the same 
temperature law as that from hot platinum The value of h 
IS, however, generally much smaller. The great emission is 
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therefore due to the smaller amoimt of energy necessary to 
extract an electron from the surface of these substances The 
values of b and A fox a few substances are collected m Table V. 
These figures refer to electioxlcs heated in a high vacuum 

It must bo noted that many of them are very uncertain, the 
results of different observers difiermg withm very wide limits 
This IS undoubtedly due to the presence of minute quantities of 
gas during tlic experiments Owing to their commcicial im- 
portance tungsten and molybdenum have been studied with the 
greatest care and ivith modern high vacuum tcchniqiio, and the 
values here are concordant to within a very few per cent. 

67 Discharge of positive electricity. We have ahead}' 
noted that if a new wire is used for the expeiiment there is 
an emission of xiositive electricity from the wire. Tins omission 
is noticeable at tempeiatuies ooiisideiably lower than those 
nocossaiy to produce a measurable negative current from the 
wire. It is quite easily detectable at a temjieratiire of 800° C. 
The exact method of formation of the positive cairieis is 
unknown The teniporature variation of the cm rent, however, 
follows the same law as that foi the negative earners, and the 
process may perhaps be legaided as analogous to some soit of 
evapoiation from the smlace of the metal 

The value of ejm foi the positive carneis can be measuied 
by the method already described for the negative thermions 
{§ 62) If the expeiiment is pcrfoiinod in a good vacuum the 
value of c/hj foi the positive caiiicrs seems to bo independent 
of tbe nature of the heated metal (7) Experiments made with, 
amongst others, platinum, manganese, tungsten, and steel, all 
gave values of efin toi the positive thermions of the order of 
260 e m n per gm. The value of this latio lor the hydrogen 
1011 111 solution is as we have seen appioximalely lO'^ m the 
same iimis Hence if the charges can he assumed to be the 
same m the two cases, that is, it the positive thermions are only 
singly charged, the mass of the thermionic positive carriers 
IS about 40. Exactly tbe same value was obtained when 
the wires wore coatcil with ]iotassuim sulphate The eftect, there- 
fore, seems to be due to the presence of traces of potassium. 
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a very prolonged healing atoms of mass 23 weie also 
obMt’ivod 'L'liose aic piobably Hodium 

Jn tlio absence of gas the positive theiiinoiiic cuirent giadually 
disappears with continued heating It is lestoied if the wire 
IS removed and exposed for some days to the atmosphere of 
the laboratoiy If, howevei, the tube contains gas at 
appreciable piessure the theimionic positive current persists 
and 111 this case a measuienient of ejm foi the earners shews 
that ihey consist of the atoms and molecules of the gas in the 
tube 

Salts of the alkali metals give laige positive emissions (8) In 
this case the earners aio always atoms of the metal in the salt, 
thermions having masses corresponding to the atoms of lithium, 
sodium, potassium and rulndium having been obtained from 
the coiresponding salts Ceitam phosjihates also give large 
positive omissions. In this case the canieis appear to be mole- 
cules of caibon monoxide 

68 The current through a thermionic valve. Langmuir’s 
Law Richardson’s Law (52) gives the relation between the tem- 
peiature and the saturation current from a heated filament In 
the earlier experiments where the ciments measured were .small 
saturation was ea.sily obtained ivith potential difterences of a 
few volts only This is by no means the case m a modern 
tlieimioiiic vahe Langmuir (5) has shewn that if a constant 
]>otontuil difleionco is maintained between the electrodes and 
tlie temperature of the hot inre is gradually increased the current 
at first increases in accordance with the law of Richardson Soon 
however the rate of increase Avith temperature becomes lapidly 
smaller than that given by tlie law and eventually the cuirent 
reaches a maximum value which then remains constant however 
much the tempeiature may be increased, as illmstrated m Rig ,51 
Tins constant current, hmvevei, depends on the potential differ- 
ence onijiloyed, and if F is this potential difleience the value of 
the cuiLstaut current i is gnmn by 

i = /.F- 

Tlns IS known as Langmmr’s law 


( 59 ) 
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This limitation of the current is due to the presence hotween 
the electrodes of the negative electrons which aie canyuig’the 
cniTcnt These negative charges will tepel the negative electrons 
which sue tending to emeige liom the hot cathode and, as the 
current grows lugger and hence the nmnher of elections in the 
simce hecoines more niinieions tins repulsion increases imtil 
fiually it counterlialanees the apjilied field, anil the actual field 
at the surface of the cathode hecoines zero oi may even be re- 
versed At tins point emission from the hot wire would cease 
The maximum current which can pass for a given potential 
dili'erence is thus limited hy the space charge due to the electrons 
between the electrodes. 



I60(y ZOOO’^ S/l-OO^A 

Temperature 

Es?. 51 


We may take as a s]m]ile ease a pair of parallel plates at a 
distance i apart, the heated plate being at potential zero and 
the cold jilate at a ])ositive potential Then if p is the space 
charge (chaige per cubic cm ) at some point between the 
electrodes, F the potential at that point, then by Poisson’s 
equation 


dx^ 


— i-np. 


Also the current i per sq cm at light angles to the direction 
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of tli(“ field IS clearly ecjual to the charge pei iiiul vuliiine uilo 
Ihe-voloeitA', e, s\iih which the ch.uge.i iiuive, i c 
I = pi', 

ixlieic r IS given hy the cqu.ition 

I HR" = !'<; 

Honce ^ 

Now if we neglect the small intunsic yclocities with winch the 
elections are eiinitccl liom a hot cathode (usually a small 
f I action of a volt), wo have seen that the maximum current will 
he attained when the held at the suilate of the, cathode has boon 
1 educed to zero by the space chaigc ehect Hence lor the 
maxiiunm cm lent wo have dV/dv — 0 when x= (•, if we measure 
our distances from the suilacc of the cathode, and integrating 
oiir eipiation with this condition we have 



Iiitegiatiiig again, and remembering that V is zero ivlien x is 
zero, 1 e at the suiface ol the cathode, no have iinally 

_ V2 

‘ ~ i)7r y m 

If 1 and V are measured and the distance apait of the plates 
IS known this equation can be used to determine the ratio e/m 
for the theimioiiic carricis Tins experiment has actually been 
earned out(O), the result obtained bemg 1 70 x lU’, a very 
satisfactoiy agieement 

If, now, the cathode is maintained at a constant high tempera- 
ture, and the potential diflcicnce is gradually increased, the 
current at each point mil be the maximum current for the given 
potential until the latter is raused to such a point that the 
current becomes the saturation cuirent f oi the given tem])erature 
The saturation current is given by liiehaidson’s law. and will 
depend only on the temperature We liaise so fai sujiposed that 
the electrons are emitted without any intunsic velocity As a 
matter of fact, as we have seen in section 05, they aie given out 
mth varying velocities distributed aceoiding to Maxwell’s law 

c I 9 
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Tims it will loquirc <a reversed potential to stop tlie emission 
completely, the emission hecoming smaller as the reversed 
potenlial rises according to some law which can be dediicerl 
from the rhstrihiition of velocili(‘s among the enioigcnt electrons 
Tlie complele cane hetiieen the current and potential for a 
theiniiomc valve thus consists of three paits {]) an untial 
poilion governed as ]iist dcsciihed by Maxwell’s distribution 
law, (2) an intei mediate poition governed by the space charge 
and obeying Langmuir's law, and 
(3) the final or hoiizunl.il portion, 
where the cuircnt eorrospomls to 
the saturation cniient foi the tcin- 
pcratuie ol llie e.ithode 'I’liesc 
conclusions h.ivi' been verified ex- 
pi'iimcnlalh , and a tyfacal cuivc 
IS slicMii in h'lg hi The discussion ^ Volts 

of the apjification of Ihese curves 0- 

io tiiodc vntvcs is outside the purpose of this volume 

69 Conductivity of flames If two platinum plates are 
placed a centmietie or so apart in a wide Bunsen flame and 
one ol them is laised to a moderately high potential by means 
of a cabinet of small acciimulatois a curieiit passes between 
the plates through the flame which is generally sufficiently 
high to lie measuied by an ordinaiy galvanometer if one of 
the teimmals of the instiument is connected to the insulated 
plate and the othei to oaith The eiinent between the plates 
incieases as tlie potential diftercnce is incieased m the manner 
indicated in Fig 53 The curve in some respects resembled 
the cuive ioi an ionized gas (Fig G) The current, however, 
shewed no appeal ance ol saturation Even when the held applied 
rose as high as 300 volts per cm mci easing the field still pro- 
duced an appieciable incicase in the ciirient. The curve in fact 
appioximated veiy closely to a parabola, and the relation between 
the cuirent i and the potential difference F was expi essed by an 
eijuation of the form 

, , = A V CGOf 

where A is a constant ' 

The vaiiation of the current with the distance between the 
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elPLti’ode.s also differs markedlj from the saturation current 
through an oidinary gas In the lattei case the current for a 
given field IS pi opoitional to the distance between the electrodes , 
111 the case of the cuii ent thiough the fiame it is independent of 
tlie distance between the electrodes providing that they both 
remain within the flame. 


n 




-- 



u 














7j 







n 








0 100 200 SOQVolls 

Fig .13 


70 Distribution of potential between two electrodes in 
a flame The oiigiii of these differences is made deal when 
the distiibution of potential across the flame is examined 
This can leadily be done as in the case of the discharge tube 
(§ 11) by means of a fine platinum exjffoiing wire, connected 
to one of the q^uadrants of an electrometer The wire being m 
the presence of positive and negative ions takes up the potential 
of the point in which it is placed If two such wires are 
placed at a fixed distance apart and connected to adjacent 
qiiadiants of the electrometer, the deflection of the electro- 
meter (which IS propoitional to the difference of potential 
between the two wires) will be a measure of the actual field 
at the part of the flame under observation 
Fig 51 shews the potential at different points between 
two electrodes placed Id cm apart m a flame and maintained 
at a potential dift'eiencc of 5S0 volts The abscissae give the 
distance of tlie exploiing wire from the positive electrode, the 
ordinates the dilierence of potential between the exploring wiie 
and the negative plate It will be noticed that the potential 


9—2 
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uses vojy lapidlf near the negative plate, no less than loui- 
filths of the l,otal change of potential taking place Avithin the 
liist two ccntiinctres from the cathoile The potential then 
uses slowly but uiiilomily until the neighbourhood of the 
anode is reached when a fiuthei shaip rise takes placet') 

The field is, theiefoie, very intense near the cathode and veiy 
weak but unitorm across the rest ot the gas, except for a slight 
rise neai the anode The actual field iii the greater pait 
of the flame theiefore nevei approaches saturation value 
in spite of the large average value of the field between the 
electrodes. 

The prohloin, which is essentiality similar to that of the 
000 - 
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Eig 61 

current through a thermionic yalve, can ho inyestigated theoreti- 
cally as follows 

Let lij be tlic nuiulier of positive ions per c c at any point, Cj 
then chaige and their mobility, while e^ancl L, denote the 
con esi)oncling values for the negative ions The cimcnt per 
sq era at the jioint is thus equal to n/j/ijA' -|- n^eJi^X whore 
X is the value of the electiic field at the point In geneial the 
ions in gases all cany the same charge c, in which case we may 
write, the cm rent „ , 

i = Ze (jijZj q- Hgi,) (GJ) 

Now if theie is no acciiimilation of ions at any point the field 
will be constant across the gas If, bower ei, there is an excess, 
say, of positive ions this will produce a space charge in the 
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eras eciual to tlic excess of positive over negative, that is to 
^ Oh - >h) pel' 11111^ volume By the ordinary laws of electro- 
statics we have therefoie 

^ = 471 X (space charge) 

= 47re Oh ^ '>h)- ‘ " ' 

In the part of the gas where the field is constant dXjdx = 0, and 
thus )h= «2 01' 1 he number of positive and negative ions are equal. 

Now when the gas has reached a steady state the nniuber 
of positive and negative ions in each unit of volume must 
lomain constant. Hence considering unit of volume at a distance 
X from one of the electrodes the excess of the number of ions 
leaving the volume over the number entering it owing to the 
action of tlie field must be equal to the rate of formation of the 
ions in the umt volume less the number lost by recombmatron. 
Now the number flowing out over one face perpendicular to 
tlie ciment, and therefore paiallel to a:, less the number flowing 

in at the other face is equal to j- {nil]X) for the positive 


quantities must by the above be equal to y — an^n^ where q 
IS the rate of formation of the ions and a the coefficient of 


i 11) Thus we have 


Combining these equations with (62) and solving, 
if /q and /q are constants for all parts of the field, 


g-' = 87re(7-«ivia)(^ + y 


Now in the part of the field where the potential gradient is 
constant the field is constant and hence dX/dx is zero, and thus 
d^X^ 

, , LS also zero Hence for this part of the field 


( 66 ) 
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iliat ifj to Hay, tlie iccombination exactly balances the ionization. 
Tlius the ions lorraed in this layer all lecombine there, nolle 
of them reaching eithei electiode In other words the ionization 
in this part of the gas contiibntes nothing to the current, which 
is, therefoie, independent both of the extent and also of the 
intensity of ionization in this layer Hence so long as there is 
any poition of the gas iii which the field is uniform the current 
will be independent of the distance apart of the electrodes 
On the other hand in the neighbourhood of either of the 
electrodes the recombination null be small Taking the case of 
the cathode, for example, the negative ions are flowing rapidly 
away from the cathode while the positive ions are flowing in 
Hence close to the electiode itsclt theie will only be positive 

ions pioscnt and iccombination cannot occur. Thus will 

dx^ 

increase lapidly as the electiode is approached and hence 
there will he u lapid use in the held at lhi.s point iii the gas 
Rmiilar considerations ajiply to the positive electrode. 

ft has lieeii shewn by Sir J J Thoiusoii that the fall of 
potential in the layei iieui the cathode is piopoitioiial to the 
snuaie of the curicnt passing thiough it The fall of potential 
111 the uniform field lias been sbeiui to be diiectly piopoitional 
to tlie cimeiit The total fall of potential V between the 
electiodcs should thus be given by 

V = Ai + (GO) 

If A IS small compared with B this reduces to V = an 
e.\'pre.«sioii which as we have seen represents closely the 
expciimontal results 

Tlie above analysis applies to all cases of gaseous conduction 
where the applied difleiencc of potential is less than the satura- 
tion voltage As, liowever, saturation voltages are generally 
employed wherever possible, it has no practical application 
c.\cept ill the case of flames, 

71 Conductivity of salt vapours The presence of salts 
m the Bunsen flame gicatly increases its conductivity especially 
if the salts are those of the alkali metals The increase in the 
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cmrent is, howevei, only appieciable if the salt vapom comes 
m eoiitact with the cathode. We have seen that the ions foinied 
m the middle pait ot the flame add nothing to the cuiieiit and 
hence lucieasiiig the number of ions theic has no effect If, 
however, we inciease the conductivity of the layer near the 
cathode in which practically the whole fall of potential takes 
place, the current will rise very rapidly and mav often be several 
thousand times gieatei than the cuirent for the same potential 
difference in the unsalted flame 
Since the fall of potential near the anode is small compaied 
witli that near the cathode the increase in the curient due to 
salting the flame near the anode is comparatively small Hence 
if one of the electrodes is coated with salt and an alternating 
electiomotive foice apphed to the electrodes a veiy large current 
will pass when the coated electrode is negative and only a 
very small one while it is positive An arrangement of this 
kind piaotically lets cun cut through iii one direction only, and 
might thus be used as a rectifier. 

72. Maximum current carried by salt vapours The 
current in salted flames is carried by the atoms of the radicles 
ill tlie compound in the same way as the current in elecfaclytic 
solution The matter has been investigated quantitatively by 
H A Wilson A current of an was passed down a metal tube 
with a central wire electrode the whole being heated to a bright 
red heat in a furnace If salt was added by spraying salt solution 
into the an current, a considerable current passed between 
the electrodes This current was found to be exactly the same 
as that passing through a solution of the same salt in water 
when the rate at which the salt was being decomposed in 
solution was made equal to the rate at which salt was being 
supplied to the tube. Tbe carriers of the current aie thus the 
same in each case and cairv the same charge. 
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CHAPTER IX 


PHOTO-ELECTEIOITY 

73 The photo-electric effect. For some years before the 
development oi the ionization theory gave an explanation 
of the cfiect it was known that a metal plate when illuminated 
by light flora an arc or spark discharge emitted negative 
eleotiicity. In general if the plate was carefully insulated it 
was found to acquire a small positive charge and hence a small 
positive potential, which however never exceeded about one 
volt After this potential was reached the emission of electricity 
ceased In most cases the effect was completely stopped if a 
sheet of glass was interposed between the light and the metallic 
plate, and it was tlius shewn to be due to the ultia- violet portions 
of the spectrum The allcali metals were, however, peculiarly 
sensitive and responded to rays from the luminous part of the 
spectium even as far as the red. They could thus be excited by 
the light fiom a candle 

Whatever the nature of the surrounding medium or the state 
of the metallic surface the phenomenon was to be observed, 
but the late at which electricity was emitted was found to be 
exceedingly variable, depending on the piessure and nature of 
the gas around the plate, the state of polish of the surface and 
even on the length of time since the plate was last polished 
The eO’cet is known as the phofo-electnc effect, or occasionally 
as the Hallwachs eftect after one of its earliest investigators 

We now know that the effect is due to the emission of slowly 
moving negative electrons They are often spoken of as photo- 
elections to indicate their mode of pioduction, but there is 
nothing except their speed to distingmsh them fiom the elections 
which make up the cathode rays By enclosing the lUummated 
plate m a high vacuum, the ratio of the mass to the charge 
can be measured for the photo-electrons most conveniently by 
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the use of the relations (42), (43), § 47 The ratio is found 
to be the same as for the cathode ray particles, that is to- say, 
the negative emission takes the form of electrons. The effect 
is, in fact, a foim of ionization The light incident on the metal 
ionizes the atom of the metal, causing the emission of a negative 
electron with some small velocity, the atom itself being left 
with a positive charge. If the electron is ejected near the surface 
of the metal it will escape carr}ung away its negative charge. 
The process is thus identical with ordinary ionization except 
that the positive ion being in a solid is not free to move, and the 
whole current is carried by the negative ions 

This identity was at first concealed by the fact that ultra- 
violet light was not known to produce ionization in gases 
Gases are, however, now known to be capable of ionization bv 
light if light of suitable wave length is employed 

It has been found that for every substance there is a definite 
wave length at which the photo-electiic emission commences, 
rays of longer wave length than the ciitical value pioducing 
no ellect This inaximurn wave length is greater according as 
the element is more electro-positive and shoitei as the element 
becomes more electro-negative Thus lor the alkali metals which 
are extremely electro-positive, the critical or maximum wave 
length which will excite photo-electiicity is actually in the 
visible spectrum being greater for caesium than tor potassium 
and sodium , for other metals the critical wave length lies between 
4000 X 10"® and 2500 x 10~® cm For the non-metals waves of 
still shorter wave length are necessary to produce the effect . 
oxygen, for example, only emits photo-electrons li the incident 
rays have a wave length not greater than 1350 x 10"^ cm 

Now hght ot this wave length is exceedingly absoibable in 
almost all kinds of matter It is completely absorbed by quaitz, 
but is transmitted by an exceptionally good crystal of fluor- 
spar The early attempts to ionize gases by hght failed because 
the wave length of the ladiatioii employed was too great. 

74. Ionization of gases by ultra-violet light. Owing 
to their much smaller densiiy and the difificulty of obtaining 
light of sufficiently shoit wave length, the effect in gases is 
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vciy miicli smaller tliaii that at the .surtace ol a metal, and the 
greatest caic has to be exercised to avoid spuiions cliects due 
to the icflection o£ some portion of the incident light on to the 
motal elcctiodes ol the chamhei used for measiumg the eJfect. 
The only satisfactoiy method is to expose the gas to the 
hglit 111 one chamber and then to pass it through a iiariow 
n Hiding tube to a second chamber in which its ionization is 
tested, iclying on the slowness with which the ions recombine 
to enable them to peisist until the} can be measiiied A suitable 
foini of apparatus used by Hughes (i) is sheivii in Fig 55 The 
light IS pioduced by a dischaigc in hydiogen in a discharge 
tube T of special shape, the hydrogen discharge being voiy 
rich 111 the exticme ultia-violet The gas under investigation 



IS passed through the tube P and emerges close to a window W 
of exceptionally tiaiisparent fluoi-spar, where it is ionized hy 
the rays transmitted It then floAVS through the winding tube 
L to tlie ionization chamber If any ions are formed in the 
gas a cunent passes between the outer ivall ivbicb is connected 
to a battery of cells and the electrode A The second electrode 
P enables an estimate to be made of the coefficient of recom- 
bination of the ions formed Keeping the apparatus the same 
but replacing the light by X-iays it can be shewn by diiect 
comparison that the ions have the same coefficient ol recombina- 
tion in the two cases, and are thus presumably of the same nature 
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The hydrogen discharge gives radiation of wave lengths from 
1300 to 1600 Thin quartz becomes transparent for rays cf 
wave length about 1460 If the fiuor window W is replaced by 
qiiaitz no ionization is produced in air Hence the maximum 
wave length for air is sonicwheie between 1300 and 1450, or 
roughly 1350 as stated above In chlorine which is still more 
electio-negativc all attempts to pioduce ionization by light 
have so far lailed, Vaiious coniponiid gases such as caibon 
dioxide and ammonia ate ionized by the light coming thiough 
a thin quartz window, that is then luaxmium wave length is 
greater than 1450 x 10‘ ® cm 

75, Velocity of emission of the photo-electrons, It is 
found that a plate illuminated by ultra-violet light gives 
electrons of all velocities fiom a certain maximum downwards 
The velocity is most conveniently mea,sii]cd by measnnng the 
difference of poleiitial necessary to prevent the escape of 
electrons from the ])lntc Suppose the metal plate emitting 
the elections is at a po,siUvc potential V Tlie negative election 
will expeiience a foice attracting it liackwaids to the plate 
and by the time it reaches a place of zero potential it will have 
lost a quantity of eiieigy equal to Vr, whore e is its charge 
If the original energy with winch it left the plate was E it will 
now have energy equal to E ~ Ve It this is equal to zeio it 
will just escape being dragged hack to the plate Obviously 
if its initial energy i,s less than Ve its motion will bo reversed 
and it will leturn to the plate again Thus the mmnnuni 
velocdy an electron can have to escape is given by 

Ve, 



If the active plate is surrounded by conductois at zero potential 
and carefully insulated it will giadually acquire a positive 
potential owing to loss of negative electricity This potential 
will grow until it is ]ust sufficient to prevent the escape of the 
fastest electrons which the plate emits Thus a measurement 
of the potential acquired by a plate exposed under these circmn- 
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sl-ancob to ullid-violet light will eniihle us to estimate the 
velocity of the swiltest elections emitted. 

On this account the very objectionable piactiee has grown 
up of stating the velocity in terms of the voltage aciiuiied by 
the plate, and thus phrases like “a velocity of one volt” have 
become common As will be seen fiom the foimula the velocity 
IS not even proportional to the potential but to the square loot 
of it. The ical velocity can leadily be calculated fiom the 
formula, since ejm is equal to 1 77 X 10'^ e ra u Thus a “velocity 
of one volt” or 10® e ra ii is equal to about 6 9 X 10’ cm /see. 

Expeiiments have shewn that the velocity with which 
electrons aie emitted is independent of the intensity of the 
light The energy imparted to the individual electron is thus 
inrl ependent of the energy of the exciting radiation, a remarkable 
result winch was first recorded by Lcnaid For a given substance 
the velocity of the electrons emitted is a iunction of the frequency 
of the incident radiation It is found, in fact, that for a given 
substance the maximum potential acqiured under the action of 
light of frequency v can be expressed by the linear relation 
F = /,^-r„, . (07) 

wlicre Fq is n constant wlucli varies ivitb the substance employed 
but I has exactly the same value for all substances 

The most rigorous proof of this law has been provided by 
Millikan (2) In order to employ as wide a range of frequencies 
as possible be worked with the alkali metals for which the pboto- 
oloctiic effect begins in the visible spectrum, and bis obseivations 
extended over a range of frequencies of nearly three octaves 
The experiments were earned out in an exceedingly high vacuum, 
and in oidei to obtain really clean .surfaces, the surfaces were 
actually tiu'iied up in the vacuum itself, by means of a tool which 
could be opeiated from outside by an electiomagnet Not the 
slightest deviation from the hneai law was observed, and the 
value of I was found to be 4 128 x lO-i’ to an accuracy of at 
least 1 per cent 

The significance of the cxpciiraental relation ((17) can be made 
clear by multiplying the equation tlirougliout by the electronic 
charge c, and tiaiisposing Thus 

Fe + Fflfi = lev. 


( 68 ) 
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Now Ve IS tTie energy witt which the fastest electron escapes 
from the illnminated surface Vf^e has also the climensidns of 
energy and can only he interpreted as measuring the work 
done by the electron in escaping from the solid, that is to say 
the work done by the electron in escaping from the surface 
together with the work done, if any, in escaping from the parent 
atom Millikan’s latest expenments (3) have led bm to the con- 
clusion that the latter is zero in the case of a metal, and that Vq 
measures the contact p D between the metal and its sur- 
roundings. Thus Vc measures the energy with which the electron 
escapes, F^ethe energy used in the process of escaping, and thus the 
left-hand of equation (G8) is the totalenergy with which th e electron 
starts its career Thus if monochiomatic light of frequency v falls 
upon any substance the initial velocity imparted to the electrons is 
given by the relation ^ 

where ^ is a constant which is independent of the nature of the 
substance, and is equal to I'e Taking Millikan’s value for k and 
converting volts to electrostatic units, we have 
4-128 X 10-15 

h = 4-774 X 10-1“ X - - 3^ 0 - - 6-56 x 10-« ergs sec 

It will be seen that equation (69) is merely an expression of well- 
ascertained experimental facts 

76 The quantum theory. In order to explain the laws 
governing the thermal radiation from a perfect radiator Planck 
had been led to formulate the hypothesis that an accelerated 
electron did not radiate energy continuously, as demanded by 
the classical electromagnetic theory of light (see §84), but only 
intermittently, each emission consisting of a definite burst or 
quanhm of energy (i) The energy m one of these quanta was 
supposed to be directly proportional to the fiequency of the 
radiation emitted Thus if v is the fiequency of the radiation the 
energy associated with each quantum of it is given by 

= hv, . . (70) 

where h is a universal constant, known as Planck’s constant 
The value deduced for this constant was 

li = G-55 X 10-®’ ergs see 
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Ti IS tiliciefme ulentiral with the h of the proxioiis section 
Wt- can illustrat(' Planck’s law quite rearhly from phenomena 
which wc liavc alrcarly coiisKlercd We have seen 33) that an 
electron may be tiansferi('d from its normal position in the atom 
to some othei condition ot greater eneigy hy the impact upon 
it of another electron it the latter has a ceitain miuimuiu energy, 
nieasiiied by Ye, where 1' is the resonance potential lor the 
atom This minimum energy is cleaily the diflerence m energy ol 
the atomic election in its tvo conditions Thus the potential 
energy of the electron in its abnormal condition will bo Vc units 
greater than in its normal state, and Yc units oi energy will be 
set free wlicn the electron falls hack into its stable comlitionf)) 
This eneigy, as ne mentioned, is radiated as monochromatic 
hglit of clelinite fiequency, only one line appealing m the 
spectiiira The fiequency of this radiation, by Planck’s law, 
should be given b}”- the i elation 

ic = 1> = hv, OT V — VejJi 


If we take tlie case of mercury vapoui there is a 
potential V at about I 3 volts or 1 b x 10'^ e s u 
radiation emitted should thus he given by 
^1-Gx 10-2x4 ^74x10-1® 

" 6-56 X 10-2' ‘ 


= M5 X 


resonance 
and the 


The fiequency ol the light actually emitted is 1 18 x 10^® The 
agiGoment is peifect, considering the possible errors of the 
measurement of resonance potentials 

In Planck’s oiigmal form of the theoiy only the eimssioii 
occiu'ied m quanta, the atom oi election being supposed to 
absorb radiation continuously until its eneigy reached that of 
the quantum for the radiation concerned In 1905 Eiustein(fi) 
made the further absnmi>tion that the radiation actually 
travelled in minute bundles each possessing the c[uantum corre- 
sponding to its licciuency, and that the atom or electron ab- 
sorbed either the whole ot this quantum oi none at all This 
assuin))tion leads immediately to our exjicrimcnlal relation (OO) 
From raoiiochiomalic light of frequency v the atom will absorb 
a whole quantum of energy Jiv, and this eneigy when transferied 
to an electron will give it kinetic energy Imif = hv At the time 
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tlie data lor testing tins equation did not exist, and the sugges- 
tion was not well received, as the idea of a definite quantum of 
radiation travelluig through space as an entity appeared to be 
completely irreconcilable ivith the wave theory of light ( t) 

So drastic an assumption is not absolutely necessitated by the 
results of § 75 It is possible to conceive that the atom absorbs 
energy liom the radiation continuously until the quantum is 
reached and then ejects this superfluous energy in the form of 
a photo-electron This mode of escape is, however, made im- 
possible by the following considerations However weak the 
incident light maybe the emission of photo-electricity commences 
as soon as the hght falls on the auifaco There is no lag, oi 
incubation period, in the eflect Now the plioto-eleotiio effect 
for sofhum can easily be detected with an ordinary candle at 
a distance of 3 metres. This corresponds to an energy of 1 erg 
per sq cm per sec falhug on the siuface of the metal, and of this 
not more than one- third is of sulfleiently short wave length to 
excite the photo-electiic eflect Now the area of cross section of 
an atom is of the order of sq cm and the maximum oneigy 
which could be absorbed by the atom from the beam, if uniform, 
would be theicfoie about > 10“^® ergs per sec But the energy 
of the electrons emitted is of the order of 6 X 10-^^ ergs To 
accumulate this energy the atom would have to go on absorbing 
for about 1 5,000 seconds or more than four hours The suggestion 
of a gradual absorption from a uniform beam is theiefore incon- 
sistent ■with the facts, and we are driven back on Einstein’s 
assumiiliou 

If the quantum of energy of the incident radiation is less than 
the eneigy FqC required .to extract an electron from Lhesubstance, 
the atom which can only absorb by quanta will noL attain 
sufficient energy to eject an electron, and the photo-electric 
effect Will ceaso The smallest frequency v for which photo- 
electrons can be ejected is thus given by V^efh The longest wave 
length which can excite the eflect is cjv, whore c is the velocity 
of light This IS diflerent lor different sniistances 

The quantum theory in reality is not a theory no theoietical 
basis has yet been found for it It is a fundamental law govermng 
the exchange of energy between radiation and matter, and m all 
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Cvi.ses in wliicli it lias been tested it is ioiind to exjiiess the 
jdieuomeiia witli great exactitude \\"e sliall meet iMtli tuitber 
examples in the lollowing cliaptei The yueshon as to bow tbe 
yuantum i elation is to be reconciled with tbe eleetiomagnetic 
theory of liglit, or in fact intli any toim of wave theory, is tbe 
most difficult and interesting problem in luodein pbysics 

77 Distribution of velocities among tbe pboto-electrons 
So fai we have considered only tbe maximum velocity of 
the electrons which emerge from the metal If we maintain 
a constant diheience of potential V between the radiator and 
its surroundings less than the maximum positive potential 
which would be acyuired by the plate, the rate of loss of 
electncity from the plate, that is, the negative cuiient fxom it, 
will he pioportional to the number of electrons which leave 
the plate with an energy gveatei than Ft*, the energy which would 
be lequued to escape from the positively ohaiged plate In 
this way the pioportion of the electrons which emeige with 
various velocities less than the maximum can he measined 

On making the experiments it is found that the electrons 
emerge with all velocities fiom zero up to the maximum It 
need not be assumed (and is indeed very improbable) that they 
are actually ejected Irom the atom Avith different velocities 
The electrons will be ioiined at dilioreiit depths m the metal 
(since the light can penetrate small thicknesses of metal) and 
hence will have difl’ei ent thicknesses of metal to liavorse before 
escaping fiom the surface Now in passing through niattei 
electrons lose velocity owing to collisions with the molecules 
Thus these elections which are formed at the suiface, having 
no matter to traverse, will escape with the actual velocity with 
which they left the atom Those formed deeper m the metal 
will lose some of their velocity belore reaching the surface, until 
at last a layei is reached the electrons from which will he unable 
to penetrate to the surface at all 

78. Magnitude of the photo-electric effect The magm- 
tude of the photo-elednc effect may be defined as the total 
current from umt area of the illuminated suiface when its potential 
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IS favourable lo (he escape of negative elecDicity. Except under 
very special conditions it is an exceedingly variable quairfcity, 
and many futile experiments have been made on it. In the 
presence of gas it is found to depend on the piessure of the gas 
in a very complicated way All surfaces condense on themselves 
a surface layer of gas oi vapoui which is exceedingly difficult 
to remove even in a vacuum This layei may also be electrically 
charged and so influence the escape of the photo- electrons not 
only by its absorption but also by its field. Consistent lesults 
can only be obtained with films or surfaces not only kept but 
also prepared in the highest vacua obtainable and nevei exposed 
at any period to the action of a gas at a perceptible pressure 
This applies also but to a smaller extent to expeiiraents on the 
velocity of the electrons, especially if the layer is charged. 
Velocities as much as six or seven times the noimal maximum 
for the metal have been observed for example in the case of a 
radiator which has been used as the cathode in a discharge 
tube 

An appaiatus (7) suitable for the preparation and investigation 
of a metallic suiface in vacuo is shewn in Fig 66. The 
thick lines represent the metallic part of the apparatus which 
extends far enough on all sides to screen the plate P from 
external electrostatic effects. When in the position shewn the 
plate makes metalKc contact with a Wilson electroscope E, 
while the two potentiometers V, V can bo adjusted so as to 
maintain a constant measured difference of potential between 
the radiator and its surroundings To obtain a film on the 
radiator P it is lowered to the position P' opposite the mouth 
of a small quartz crucible F, which contains the metal under 
investigation and can be electrically heated by the wires w, tu 
passing through the walls of the tube. The metallic vapours 
condense on the cold plate forming a film which, as the whole 
apparatus is maintained at a high vacuum, has never been in 
contact with gas and so is free from the disturbing suiface 
layer If the outer case is earthed the maximum potential 
act|uired by the plate P as measured by the electroscope gives 
the maximum velocity of emission of the photo-electrons, as 
already explained. By applying a small accelerating potential 
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sufllcicnt Lo pioduce tlie maximum emission the total photo- 
eloctuc e/Iect can be measmed 

itli films pi epai'cd and kejit in vacuo, the total plioto- 
olectiiL ciTcct IS found to be diiectly proportional to the in- 
tensity of the light for intensities varying m a ratio of as 
much as 1 to 10®. On account of its importance with respect 
fo the (|uantuin theory of radiation expeiiraents with exceed- 



ingly small intensities of illumination have been made, but even 
when the cneigy was as small as 10“^ eigs per sq cm per sec 
no departure could be observed flora the proportionality 
between the intensity and the current. The current is also 
independent of whether the light is contiinious or is given out 
in a scries of brief flashes As long as the average energy remains 
constant the emission leinains the same 
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Temperature ako is without influence on photo-clcctnc 
emission on surfaces in vacuo although it has a considerable 
effect on surfaces in air, probably owing to changes in the 
layer of condensed gas 

79. Variation, of the photo-electric effect with wave 
length and state of polarization. Foi the majority of metals 
the photo-electric effect increases as the wave length ol 
the exciting radiation diminishes The alkali metals foi a 
certain part of the spectrum and with oblique incidence of the 
light form an exception, the current rising to a faiily sharp 
maxumira at a definite wravo length In these metals the effect 
also depends on the plane of polarization of the incident light 

Let light be incident obliquely on a sinface, say, of liquid alloy 
of sodium and potassium These liquid alloys are convenient 
since they give perfectly piano surfaces The plane containing 
the ray and the normal to the surface is know n as the jilane of 
incidence Accoidiug to the electromagnetio theory of light, 
if the light IS plane polaiizod in the plane of incidence the electric 
field in Ihe pulse will he perpendicular to this plane, that is, 
parallel to the surface of the radiator We will denote this 
state as the plane to indicate that the electric force is 
parallel to the radiating suiface On the other hand, if the 
light IS plane polarized at right angles to the plane of incidence 
the electric field will be parallel to tbe plane of incidence and 
thus Avill have a component if tbe ray is obhque, perpendicular 
to tbe surface Tbe more obhquo tbe incidence the greater this 
component. We will denote this state of polarization by . 

If now experimental curves aie drawn between tbe photo- 
electric intensity and the wave length of the incident light for 
the two states of plane polarization the results shewn in Fig 67 
are obtained It will be seen that when the electric field in 
tbe bght waves is parallel to the surface of the radiator the 
emission decreases uniformly as the wave length is increased. 
When, however, the hght is polarized so that the electric field 
in the radiation has a component peipendicular to the radiator, 
the emission rises rapidly as the wave length decreases, reaches 
a maximum for a certain definite wave length and then decreases 
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until it joiiiR the other curve The maximum intensity increases 
uitb the ohhqiiity of the lays, but the coriespoiidiiig wave 
length IS constant The latio of the maximum to the normal 
effect difieis widely for diftcrent siii faces even of the same alloy 
It IS normally as much as 15 to 1, but has been observed as high 
as 300 to 1, with an angle of incidence of 60° The velocity of the 
electrons omitted is the same in the two cases. 

So fai as IS yet known this selective eilect is confined "to the 
alkali and alkali eaith metals and is only apjiarent over a 
comparatively shoit part of the specliiiin In the diagram 
(Fig. 57) which represents the ca.se of a sodium-potassium 



alloy the maximum eflect is reached at a wave length of 
3400 X ]0“® cm , for potassium the coirespondmg wave length 
IS 4490 and for rubidium about 5000, that is, in the yellow gieeii 
of the msible spectium The curve obtained with unpolaiized 
light may obviously be obtained bj^ coinpoundmg the two 
separate cm ves If the light is incident normally on the surface 
the elTcct, of couise, disappears, since the light has then no 
component noimal to the suiface 

The photo-electiic eilect is of considerable magnitude, 
especially in the case ol the alkali metals which as we have seen 




160 IONS, ELECTRONS, AND IONIZING RADIATIONS 

have thoar maximum efficiency in the visible spectrum The 
current produced can be largely increased by making use of 
ionization by collision, m the suirounding gas Rubidium cells 
containing some inert gas such as aigon at a pressure, chosen 
so as to produce the maximum amount of ionization by collision, 
have been used as ladiometers to measure small quantities 
of ladiation. Such a cell will easily detect the light radiation 
fiom a single candle at a distance of three miles, and is thus 
not at all inferior in its powers to the human eye 

80. Photo-electric fatigue If a plate is polished and 
tested at various intervals, it is found that its photo-electric 
efficiency decreases Thus the current from a polished coppci 
plate falls to one-third of its initial value if exposed to the air 
of a loom for a single day. If on the other hand it is kept in 
a closed vessel containing air at the atmospheric pressure, the 
same amount of fatigue takes thiee months to develop The 
olloot doubtless has to do with the suiface layei of gas condensed 
on the metal Careful oxpennieut has shown that it does not 
occur with pcifectly gas free surfaces kept in high vacua The 
effect has been ascribed to ozone, to hydrogen peroxide, and 
to other gases, but the observations of dilierent experimenters 
are exceedingly discordant. 

8 1 . Photo-electric effect m non-metals The photo-electric 
eSoct can also be detected in non-metals, but owing to their 
more electio-negative character the maximum wave length at 
which the effect commences is smaller than in the case of 
metals For carbon, for example, the emission of electrons 
begins when the wave length is reduced to 2550. The observations 
are somewhat more difficult to make if as usually happens the 
non-metal is also a non-conductor In this case the charge on 
the surface is not conducted to a wire leading to the electio- 
meter, and the positive chaige accumulates until its potential 
is sufficient to stop the emissions of the photo-elcctrons The 
accumulated charge can be measuied by transferring the sub- 
stance bodily into a Faraday cyhnder connected with an electio- 
meter. The charge measured by the electrometer is by the 
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oxdinary laws of electrostatics equal to that on the substance 
The emission of electrons takes place thionghout the mass of 
the substance as far as the hght penetrates it. Owing to the 
presence of these fiee electrons in the substance a ccitain con- 
ductivity IS imparted to those layers of it which actually conic 
under the action of the hght which lasts so long as the illumina- 
tion IS continued Thus if a sheet of siilphni is enclosed between 
two clectiodcs and illuminated by the light from a quartz 
mercury lamp a current passes which increases uniformly with 
the voltage between the two electiodes The conductivity is 
independent of the applied field up to 400 volts per mm "With 
a field of this intensity cun ents of the order of 2 x 10“® amps 
were observed when the sulphui was illuminated. 

82 Phosphorescence and the photo-electric effect No 
connection can be traced between photo-electiicity and fluor- 
escence) many fluorescent compounds being quite inactive 
On the othei hand, phosphoi cscent substances alwaj's shew a 
well-marked photo-electiic effect. Thus calciiun sulphide with 
a trace of powdered bismuth and a flux of sodium borate 
yields a very actively phosphorescent substance On testing 
this it was found to be exceedingly photo-electric also, giving 
a photo-electric effect nearly as large as brightly polished 
magnesium. The thice substances taken separately and also 
m pairs were found to be neither phosphorescent nor markedly 
photo-electric By using absorbing screens it could also be 
shewn that light which did not produce phosphoi esconce did 
not piodiice a photo-electiic effect I'he two effects, therefore, 
seemed to lun parallel to each other 

It has been shewn that phosphorescence is due to certain 
active centres in the “ phosphor ” In all probability these centres 
under the action of hght emit an electron which if the cciitie is 
sufficiently near the surface escapes as a ]ihoto-electi on If 
the centre is too deep foi this the election leniaiiis embedded 
in the substance, which is always a non-conductor Eventually, 
however, under the action of the attraction of the now positively 
charged centre the electron finds its way back into the “centre,” 
producing disturbances there wdnch cause the emission of the 
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phosphorescent hght The photo-electiic effect is thus connected 
with the excitation of phosphorescence, and not with the 
phosphorescence itself The photo-electric effect itself ceases 
as soon as the exciting ladiation is cut off 
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CHAPTER, X 


X-RAYS 

83 Production of X-rays. It was discovered by Rontgen 
in 1895 that if a discliaige tube at low piessuro was worked 
111 the iieighboiiihood of a fluoiesccnt screen the latter became 
illuminated as if exposed to oidinaiy light, and photographic 
plates were also affected, even though piotected in their usual 
wiapping of opaque black paper These effects were found to 
have then origin in radiations proceeding from those poitions 
of the walls of the discliaige tube struck by the cathode lays. 
These ladiations pending a fnithei iiirpiiry into their natiiie weie 
called X-iavs. They Iiavc also been called Rontgen rays, alter 



Fig r>8 


their discovciei. The former term, howevei, seems to have 
found more favour, and is now almost universally employed 
The fact that the photogi apliic plates aie affected thioiigh 
the black paper shews that the rays can traverse substances 
opaque to ordinary liglit Their penetrating power indeed 
depends pimcipally upon density, light substances like paper, 
flesh, wood, etc , being relatively transparent to the rays, 
while dense ones such as bone, and most of the metals, being 
comparatively opaque. Thus, if a hand is placed between the 
source of the X-rays and a fluorescent screen the shadows 



154 IONS, ELECTRONS AND IONIZING RADIATIONS 

cast hy the relatively opaque boues are distinctly visible, a 
result which has given these lays their great importance m 
surgeiy 

The shadows cast by the rays coming from the walls of an 
ordinary dischaige tube aic naturally blurred owing to the 
finite aiea of cioss section of the cathode beam If, however, 
wo focus the cathode rays on to a single point by making use 
of a concave cathode a point soiiice of X-iays is obtained and 
sharp shadows are cast By joining points on the shadow to 
corresponding points on the obstacle (Fig 58) and producing 
the lines backward they are found to meet in the spot wheio 
the cathode rays meet the walls of the tube, thus shewing that 
the X-rays stait fiom the point struck by the cathode lays and 
tiavel out liom it in all directions in straight lines 



Owing to the large amount of energy conveyed by the cathode 
rays it is impossible to focus them on the walls of the tube, 
the heat generated at the focus being sufficient to fuse glass 
m a few seconds To overcome this difficulty the cathode rays 
aie focused on a platinum or better still a tungsten plate 
supported m the centre of the discharge tube, and known as 
the anti-cathode Even so with the curients which it is now 
possible to pass through the discharge tube the anti-cathode 
rapidly becomes red hot, unless special devices are employed to 
cool it Of these the most successful is that in which the anti- 
cathodo is cooled by watci A modern X-iay tube of this 
kind is figured in Fig 59 

The cathode 0 is concave, and of aluminium, and is placed 
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pliitinuni which is fused on the end of the tube T wlinh ran be 
filled with water A sejiarate anode P is also placed m the lube, 
and IS in mctalbc connection with the anti-cathode The action 
of the separate anode is somewhat obsciiie, hut it has been 
found in practice to iiiipiove the working of the tube The lube 
IS geueially run by an induction coil oi bigh tension transformer 
In modern X-iaypbotogiaphy the vacuum ot the bulb is adjusted 
so that it woiks with a dilfeicnce of potential of about 100,000 
volts and cnirents of from 3-5 milliampercs are usually employed 
111 the tube The production of heat m the bulb is thei efoie some 
too caloiios pci second 



Wo have seen that the potential lequiied to scud a dischaige 
thioiigh a vacuum tube depends on the piessiiie oi the residual 
gas, the smaller the pressure the higher is the lequired potential 
difference, and in consequence the greater the sjioed of the 
cathode rays The quality of the X-iays piodiiced depends 
on the velocitv of the cathode rays Thus a slight change in 
the piessiiie of the lesidiial gas, vhich easily occurs when the 
tube is riinnmsi, makes a consideiahle dillerence to Ihe pene 
trating powei of the rays Also with the ordiiiaiy tvpe of X-ray 
tube the penetrating powei can only bo altered by adjusting the 
vacuum Devices for this are geneially attached to the tube, 
but the adjustment requires some degree of experimental skill. 
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To avoid those difficulties a new type of tube, invented by 
Coolidge, has been placed on the maiket (Fig GO) This tube 
IS exhausted so completely of gas that no discharge can be sent 
across it when cold owing to the insufficient number of possible 
carriers left in the tube To provide carriers for the discharge 
the cathode G is made of a spiral of tungsten wire which is 
heated to incandescence by means of an electric current. 
Large quantities of thermions are emitted, the number being a 
function of the tempei ature of the wire (§ 63) These thermions 
have very small velocities, but can be speeded up to any required 
extent by applying the corresponding P D across the tube The 
velocity of the electrons and hence the quality of the X-iaya 
emitted depends only on the P D. applied across the tube As 
the P D. applied is always far above the “satuiatioii” potential 
for the tube the current through the tube depends only on the 
temperature of the spiral The tube is thciefore completely 
under control 

The negative elections can bo focused into a beam by 
siirioiinding the wire with a tube of molybdenum, M The 
aiiti-catbode A is made of a massive block of tungsten. No 
cooling device is usually necessary. 

84. Radiation emitted by the stoppage of a moving 
electrified particle Classical Theory The fact that the X-rays 
have then origin at the point struck by the cathode rays led Sir G. 
Stokes to suggest that they are electromagnetic waves set up by 
the sudden stoppage of the rapidly moving electrons which make 
up the cathode stream This view is now generally accepted 

The effect is most leadily understood by a consideration 
of the Faraday tubes of force If a charged cathode particle 
IS moving with a speed which is small compared with that of 
light, its electric field will be the same as that foi a particle at 
rest, and the tubes will be theiefore distributed uniformly round 
the particle Assigning all the ejects in the field lonnd the 
charge to the action of the Faraday tubes it can be shewn that 
the motion of a single Faiaday tube of force produces a magnetic 
field m the medium which is perpendiculai to the length of the 
lube and to its direction of motion, and equal to Attv, where v is 
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the velocity ol motion of the tube in a cliieetion perpendicular to 
its length. (Sec J J Thomson, Elemoils oj Electncity and 
Magiwhsm, Chap, xiii ) 

Consider a single chaiged paiticle moving along a direction 
OX with a velocity v. This particle will carry with it a number 
ol Faiaday tubes of eleCtiic foice, which when the motion has 
become steady will tiavel along as if ngidly attached to the 
particle 

Suppose the paiticle is suddenly stopped by stiikiiig a solid 
obstacle at the point A (Fig 61), and let ns suppose that 
disturbances are propagated along the Faiaday tubes with a 
finite velocity c H can be shewn that this velocity is the velocity 
of light 

Let t be the time that has elapsed since the particle was 
stopped. Describe round A a sphere of radius cl Then all the 
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portions of the tubes inside this spheie will be ladiating from 
the statioiiai y position of the paiticle at A Outside this sphere 
however the distiiibance pioduced in the Faiaday tubes by 
the stoppage of the paiticle will not have aiiived They will 
thus be still moving in the direction OX with then oiigmal 
velocity V, and will be radiating from the position which the 
jiarticle would have reached if it had not met the obstacle, 
that IS, from a position B along OA jii'oduced where AB is 
equal to vt. 

Theie will thus be a relative displacement between the two 
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portions ol tlie tube of foice, and as we must regard tbe tube as 
continuous it is evident tliey must wiap themselves round the 
surface of the sphere 

This sphere is expanding with a velocity c, and we thus have 
a sheet of electiic force tiavelling out with a velocity c from 
the position of the particle But the motion of the Baraday 
tubes at light angles to their length produces a magnetic field 
peipendiciilar to the Faraday tubes and to the direction in 
which they aic moving, that is to say, also in the surface 
of the sphere Thus a sheet of electromagnetic disturbance 
spreads out from the particle. This, on Stokes’ theory, consti- 
tutes an X-ray 

Tt will not in general be possible to stop the paiticle abruptly 
If T IS the time taken to reduce the particle to rest, the distur- 
bance will be enclosed by two spheres of ladii cl and c [t + r) 
(Fig 61 b) The thickness of the disturbance or pulse will thus 
be ct and will be smaller the more quickly the particle is stopped. 

Let Fig 61 6 represent this state of affairs Then, since 
tangential electric polarization ol sin 8 
normal electric polarization ~ S ’ 
where S is the thickness of the pulse and 8 is the angle between 
the direction ol the tube aiid^X But the normal polarization 
is and thus since i = cl the tangential electric polaiization 



Now since this is moving at right angles to its direction with 
a velocity c it will produce a magnetic foice H, equal to 4itc 
times the polarization, that is 



Since these fall off inversely as the distance from the paiticle 
while the iioimal polarization falls ofl. as the inverse square 
of the distance, the intensity in the pulse except for points 
near the particle will be great, compared with the intensity 
outside it We shall thus got a pulse of electromagnetic disturb- 
ance travelling out from the particle, and behaving in many 
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reajiccts like oidinaiy light The chief difleiences aic that m 
the •hist place the thickness of the pulse is found to he 
small conipaied with the wave length of visible light, while 
111 the second place the X-rays lack that regulai periodic 
character which occuis in a tram of waves of constant wave 
length. 

The energy in a pulse of this kind being equally divided 

iilP 

between the electric and magnetic fields is equal to 2 x ™ 
per unit volume, i e ^ 2 ^% siu^ 6 

The energy radiated is thus zero along the direction of motion 
of the particle, and rises to a maximum at nght angles to this 
diiection The volume of shell included between radii, making 
angles 6 and 9-\- dd with the axis /15,is tbeietore 8 r sin d 277? dd, 
and the total energy in the shell is 


. mn^ 9 j 


_ 2 fie^v^ 


(73) 


on substituting for E from (72) and evaluating the integial. 
The energy is thus inversely proportional to the thickness of 
the pulse Thus the more suddenly the particle is stopped the 
greater the energy ladiated 

The method can easily he extended to the case of the accelera- 
tion of a charged paiticle which is not actually brought to 
rest. If / IS the acceleration then the time t which would he 
taken for the paiticle to be brought to rest is given by 


u = /t. 


Substituting tins value foi t, and tlic value ct lor 8 iii equations 
(71) and (72) we have 

e F sm 9 

Tangential polaiization D = ^ - (74) 


Magnetic induction E = 


c /■ sm d 
?c 


(70) 
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The flow of energy across unit area theiefoie (by Poynting’s 
Theorem) IS sm.^ d • 

~ hri^r, ■ ■ ^ ^ 

Integrating over the area of the sphere of radius r we have 

rate of loss of energy = ^ , . (77) 

85. The scattering of X-rays by matter. Suppose the 
radiation from one electron falls upon another The second 
electron while the pulse is passing over it will be sub]ect to 
an electric field X and will thus have an acceleration 

f — ^ 

^ m m ~ mre^ 

substituting foi D Iroin (74) This election will, therefore, give 
out radiation which, since /j is proportional to /, will have the 
same (quality as the radiation exciting it 
Thus if a beam of primary X-rays falls on a material sub- 
stance, since all matter contains electrons, secondary X-rays 
will be given out in all directions which, since they are found 
to be of the same quality as the rays exciting them, have been 
called “scattered mdiation” in older to distinguish them from 
another type of secondary radiation which may also be emitted 
the quahty of which depends not on the piimary radiation 
but on the chemical nature of the radiator. This latter type is 
often called “ cliataclenstic" radiation, since it is characteristic 
of the radiatoi used for the expeiiment 
These effects can easily be observed by allowing a narrow 
pencil of X-rays to fall on a thin sheet of aluminium, oi paper 
An electroscope placed near the radiator, but out of the direct 
line of the primary pencil, will lose its charge, shewing that 
ionizing radiations are being given out by the radiator If the 
radiator is removed the rate of loss of charge becomes very 
small If, however, a sensitive electroscope is employed it is 
possible to observe a residual effect due to the action ol the 
piiraary pencil on the molecules ol the air 

The scattered radiation is not iinifoimly distributed' about 
the radiator The simple theory already outlined leads to the 
conclusion that h the intensity of the radiation emerging from 
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ilie ladiatoi at an angle 6 witli the piiniary rays shoulrl be ex- 
pressed in the form 

/,=.7.(l-|-cos2 0) . . . (78) 

where la the scattered radiation emerging at right angles 
to the primary beam The scattered radi.ation is thus a miiimriim 
m this direotioii, and approaches twice this value as the direction 
of the primary beam is approached 

Careful experiments have shewn that this relation is not 
strictly true. In every case the intensity of the radiation on 
the side of the radiator from which the 
primaiy laj^s emerge is greater than 
that given out at a similar angle from 
the face by which the rays enter (i ) The 
distribution is thus unsymmetrical 
about a plane through the radiator 
at right angles to the primary beam. 

This IS shewn by the thick line curve 
111 Fig 62, which lepiesenls the 
author’s results for the actual distribu- 
tion of the soatteied radiation around 
a thill aluminium radiator placed at li 
The dotted line gives the theoretical 
distribution as deteimined by (78). 

The divergence is piobably due to the 
distuibance produced by the neighbouring electrons in the 
atom on the path of the vibrating election 

86 Polarization of the scattered radiation Con.sider 
a beam of cathode rays falling on an anti-cathodc at 0 iii the 
direction BO (Fig 63) If the fust impact of the electrons 
produced an X-iay the acceleration of the elections would be 
in the duection OB, and the electric force in the resultant 
pulse at any point along the ray OP would be parallel to the 
plane of the paper As a matter of fact the distribution of the 
jiriiiiaiy rays round the anti-cathode shews that many of the 
cathode pai tides must expeiience considerable deviations owmig 
to collisions with the electrons in the anti-cathodc before 
producing a Eontgen ray, but at any rate we may expect a 
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preponderance of direct collisions and therefore a maximum 
electric force parallel to the plane of the paper The eliscts 
will, therefore, be similai in kind but somewhat less in amount 
than 111 the simple case where all the electrons aie stopped at 
the first colhsioii Since there is an excess of electric field in 
the pulses in a definite direction the emeiging beam may be 
said to be polaiized 

Suppose now that this partially polarized ladiation falls on 
a mass of gas at P The electric force will cause the elections 
in the gas molecules to have an acceleration (§ 85), which if 
the beam is completely polarized will be m the direction PQ 
since the field must be in the plane of the paper and also per- 
pendicular to the direction of the ray Thus the electrons 
will be set vibrating m the direction PQ, and will emit radiation 



which as we have seen will be zero iii the direction of motion 
of the election, and a maximum at right angles to it Thus if 
the piimaiy lays wore completely polaiized there would be no 
scattered ladiation in the dnection PQ while it would leach a 
maximum in a direction PR through P perpendiculai to the 
plane containing OD and OP In othei words if wc allow the 
rays from an X-iay tube to fall on a ladiator we should expect 
that the scattered radiation would bo a minimum iii a line 
through the radiator parallel to the incident cathode lays, and 
a maximum iii a direction at right angles to this The experi- 
ments were carried out by Barkla ( 2 ) in 1904 and shewed a very 
marked effect, the polarization often reaching as much as 
20 per cent The actual amount depends on the haidness of 
the rays and the iiatme of the anti-cathode. 
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87. Energy of the scattered radiation Tlie following 
cxpiession has been deduced by Piof vSir J J Thomson lor the 
energy of the scattered radiation From (77) we have late of 
2 e-P 

loss of eiieigy = - — ^ wheie / is the acceleration produced in 

the ladiating election The total energy given out when one 
complete pulse passes over the electron 

. . . (79) 

the integiatioii extending throughout the tune lor which the 
pulse IS acting on the electron But /= -- wheie X is the 

electric field in the pi unary pulse at any moment, and the 
2 e* r 

energy radiated is therefore ^ We do not know the 

form of the X-ray pulse If we assume that the field is constant 
throughout the thickness of the pulse and zeio outside it, X is 
then constant during the time t Also if S is the thickness of 
the pulse the time winch the pulse takes in crossing the electron 
IS 8/c, and the total energy, E', becomes 

2 X^h 

3 m- c® 


But the energy in the primaiy pulse pei unit area is given by 

1 Z^S 

47T 6®“ 

Hence E' ~E (80) 

This IS the energy radiated by a single electron If there arc 
N electrons per unit mass and we assume that thev do not 
influence each other’s motion the total scattered radiation per 
unit mass of i adiator will be 


(81) 


Tins equation obviously enables us to calculate the number ol 
elections contained in unit mass of the radiator, if the ratio 
E'jE of the scattered to the primary radiation can be measured. 
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Since it is lound by expeiiment that the qualities of the scattoied 
and the primary radiations aie the same, the amount of loiiiza- 
tion which they pioduce in a given volume of gas will be simply 
piopoitional to the energy of the ravs Thus we can compare 
their intensities by allowing them to enter in turn a suitable 
ionization chamber and obseiving the saturation currents 
produced These currents will be proportional to the number 
of ions formed per second by the lays, that is, to the energy of the 
rays and thus E' %' 

where and ^ are the two currents 

For a carbon radiator of unit mass E'IE=0 20 approximately. 
Assuming e = T59 x 10-®® e.m u and e/m = T77 x 10'^, we have 
from (81) the number of electrons in one gram of carbon 
= 3-1 X 10®® 

Now the mass of a hydrogen atom is l-GG x 10“®^ gm and that 
of a carbon atom, thercfoie, 12 x 1 6G x 10"®'* gm. or 2 x 10“®® 

The number of caibon atoms in one gram of carbon is there- 
fore s — or 5 X 10®® The number of electrons contained 
2 X 10“®® 

in an atom of caibon is therefore 3-1 x 10®® — 5 x 10®® or 
about 6. It IS thus approximately equal to the atomic number ' 
of the radiator 

Experiments seem to indicate that, at any rate foi substances 
of small atomic weight, the energy scattered per unit mass 
IS approximately independent of the nature of the radiator The 
number of electrons per atom is therefore equal to its atomic 
number 

* The atomic numbei of an element la its numbei in the senes of the elcmoiita 
arianged m older of aaoendmg atomic weights Thus hydiogon is ) , helium 2, 
lithium 3, and so on Except m the case of hydiogen the atomic number is not 
fai removed fiom one-half the atomic weight It is found that vaiioiis relation- 
ships between the atoinio properties become more exact when the atomic numbei 
IS substituted for the atomic weight In fact Aston’s expeiimenta on isotopes 
have shewn that the chemical atomic weight is not a fundamental quantity, 
hut only a moan value Expoiimcnt shows that isotopes of the same element 
have an identical atomic numbei The impoitance of the atomic number was 
hist hi ought out cleaily hy the expeiiments of Moseley 94) On the Ruthci- 
foid theoiy of the atom (§ 119) the atomic numbei is equal to the resultant 
chaigc upon the positive nucleus of the atom Since the atom is neutral as a 
whole, the number of electrons must equal the chaige on the nucleus, that is 
it must he equal to the atomic number, as found above 
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88 Interference phenomena with X-rays The identi- 
ficiition of X-iays with light of shoit wave length naturally 
led to many attempts to detect variations in the intensity of 
the X-rays passing through narrow apertures, comparable 
with the effects obtained under similar circumstances with a 
beam of light Haga and Windt(J) in 1901 made experiments with 
a V-shaped slit, a few thousandths of a mm wide at its narrowest 
end, and obtained certain variations of intensity m the resultant 
photograph which if really due to diflraction would indicate 
a wave length of the order of 1 3 x 10~® cm The expeiiments 
are dilEcult and have never been accepted as decisive, although 
it IS only ]ust to say that the value obtained by these experi- 
ments has been confirmed by the method of ciystal reflection 
which we are about to describe Similarly numerous attempts 
to obtain legulai lefraction oi reflection with X-rays all led 
to negative results. 

The obstacle in the wav of regular refraction or reflection is 
evidently, if we aie to accept Haga and Windt’s estimate, the 
extreme shortness oi the wave length of the rays The ordinary 
reflection of hght by a polished surface depends upon the 
possibility of londeiing the irregularities of the surface negligible 
111 comparison with the wave length of the hght It is obvious 
that for rays of wave length compaiablc with the diameters of 
the individual molecules this is no longer a possibility, and 
even the best optical surface must present to the Eontgen 
beam an appearance veiy like a layei of shot. 

It IS equally obvious that it would be hopeless to attempt to 
rule a grating which would produce appreciable diffraction m 
waves oi this wave length A ben in of sodium hght of wave 
length 0 89 X 10“® cm is deflected through an angle of some 
19° by a grating with 5500 lines to the cm , that is, a spacing 
of 0-00018 cm To pioducc a similar deviation m X-iays would 
require cacli of these spaemgs to be divided into ten thousand 
spaces, a process mechanicallv and physically inconceivable 
It was not until 1912 that Prof Lane (i) conceived the idea that 
the regular grouping of the atoms in a crystal, as affirmed by 
modern ciystallograpby, might piovide a natuial giating of 
suitable spacing for the experiment The problem is of course 
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much more complicated than that of the ordmaiy grating in 
which the spacings are all parallel and all in one plane The 
regulaiity of the crystal giating is in thiee dimensions instead 
of only one and may he loiighly compared to a pile of gratings 
one on the top of the other The mathematical solution is far 
from simple if attacked directly as by Lane However a solution 
was obtained He shewed that if a nariow pencil of X-rays 
was made to pass symmetrically through a crystal difti acted 
rays ivould emeige m various directions from the crystal and 
would form a symmetiical pattern of spots arranged according 
to definite laws on a photographic plate placed perjiendicular 
to the beam 

Lane not being an experimentalist, the theory was put to 
the test by Fnediich and Kmpping in 1913, and emerged 
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triumphantly. Then apparatus is indicated in Fig 64 F is the 
auti-cathode of a powerful focus tube, and the lays are limited 
to a nariow pencil bv passing through a series of slits in the lead 
screens A, B, 0 They then fall on a crystal at X A sighting 
screen 8 enables the adjustment to be made A photographic 
plate 18 then inseitcd at P and an exposure made lasting lor 
some horns. On developing the plate it was found that the 
very black central patch made by the iindoflected beam of 
rays was surrounded by a symmetrical pattern of spots as 
indicated by the theory, some of the spots being deviated by 
nearly 40° from the direct line of the jirimary beam 

89. Theory of Lane’s experiment Modern ciystallo- 
paphers, following Biavais, have been led to regard the atoms 
in crystals as arranged with a defimte spacial symmetry. All 
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the atoms of the same sort aie legarded as forming a regular 
sysbcm of points in space, the different systems belonging to 
the different atoms of course interpenetrating This net-hlce 
arrangement is known as a space lattice 
In order that a set of points shah form one of these space 
lattices they must satisfy certain geometrical conditions 
These conditions can be worked out irrespective of any dehmte 
knowledge of crystalline structure merely fiom the general laws 
to which all regular patterns in space must confoim 
It has been shewn that the only method ol dividing up space 
which will satisfy the conditions is as follows A series of three 
sets of parallel planes is taken intersecting each other All the 
planes in each set are parallel and equally spaced, but the 
spaeings of the dilTeient sets need not bo the same, and the 



planes may intersect at any angle The space is thus divided 
up into a series of parallelepipeds (Fig G5) the corners of which 
foim a space lattice 

Let us for simplicity considei the special case, coricsponding 
to the cubic system of crystals, in which the elementary 
parallelepipeds become cubes, that is, the thiec sets of planes 
aie equally spaced and inteiscct at right angles We have seen 
that an atom under the action of a Eonlgen pulse hccoincs the 
centre of a secondaiy wave of distnrhance which spreads out 
through space. In fact each atom resembles very closely one 
of Huyghens’ “ elements ” 

Consider such an atom at O (Fig 66) and talce 0 as the centre 
of co-ordinates and the three directions of the space lattice 
as the axes If the wave is passing in the diicction OZ it will 
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strilce the tliiec atoms 0, A, B at the same momerit Lot us 
consider the conditions which must be satisfied for the scconclaiy 
wavelets from the four atoms 0, A, £, C to co-operate with 
each other in some direction OR For the wavelets from 0, A, 
and B to co-operate they must arnve at a plane through 0 
perpendicular to OR m phase with each othei, that is the path 
differences must each contain a whole number of wave lengths 
The actual distances are dy, d{y- a) and d{y-^) where a, ^ 
and y are the direction cosines of 0Ra,j\dd is the side of the cube 
dy — d{y — a) — pA1 
dy - d (y - ^) = jAj’ 

where p, q are whole numbers, representing the number of 
complete Wrwe lengths in the given distances Further, for 
co-opeialion with the atom at C, the path difference between the 
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radiation reaching C and the scattered wave from 0 must also 
be an integral numbei of wave lengths, whence d - dy = iX, 
where ? is an integer Thus we have on i eduction 


P q r d 


(82) 


Since p, q, r are integers, a, ^ and (1 - y) must bear to eaoli 
other a simple ratio 

When this condition is fulfilled the secondary wavelets will 
reinforce each other in the direction OR and there will be a 
spot on the photographic plate where this line meets it From 
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the position of the spot it will he possible to deduce the values 
of the diieotion cosines (knowing the distance of the plate from 
the crystal). Hence the theory can be brought to the test On 
making the experiment it was found that in no case was it 
necessary to assign a gieatei value than 10 to the paiameteis 
p, q, r, in order Lo give to the quantities a, and (1 — y) an 
integial latio 

The problem is really more complex than we have indicated, 
and the exact interpretation of the difEiaction pattern obtained 
on the plate becomes a matter of some difficulty and uncertainty. 
Fortunately a slight modification of the experiment can be made 
which gives not only a much simpler method of icgarding the 
phenomena but also results capable of yielding moie definite 
information 

90 Reflection of X-rays by crystal planes. Experiments 
of Bragg. Shortly after the publication of the woik of Lane, 



W. L Bragg (5) discovered that X-rays could be regulaily 
reflected by the cleavage planes of crystals when the rays were 
incident on the surface at nearly glancing angles If we return 
to Fig 65 it will be noticed that along coitain planes drawn 
in the crystal, the construction planes, for example, the 
atoms are thickly studded, that is to say, these planes pass 
through a considerable number of atoms It is possible to 
draw other planes in the crystal, such for examjile as those 
diawn through opposite edges of the elementary parallelepipeds, 
which contain somewhat fewer but still consideiable numbers 
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of atoms These planes are closely related to the suifaces of the 
natural crystal They repiesent lines along whicli the crystal 
will cleave or split with compaiative ease, and all are parallel 
to possible laces on the crystal It is thus comparatively easy 
to identity them when the system of symmetry of the crystal 
IS known. 

Consider now a parallel beam of X-rays falling on one of 
these thickly studded planes repi csented in section by the dots 
in Fig 67. As the wave front passes over each atom lu turn, 
it becomes as we have seen the source of a secondary pulse 
siinilai m character to that of the piimary ladiation The 
separate secondary pulses will combine to form a wave front 
which at any appreciable distance from the piano mil bo practi- 
cally plane, and will be iiiohned to the reflecting piano at an 
angle equal to that of the incident wave. We have in fact a 
reproduction of Huyghens’ constiuction for the icflected wave 
from a plane suiface, with the exception that in the case of 
light we regard the reflecting elements as peiloetly continuous 
while in the case of X-rays owing to tlie mu(!li shorter wave 
length it is nccessaiy to regaid them as a finite nuiuher of 
definite points The energy in the icflected wave, as wo may 
call it, will obviously he pioportioiial to the number of atoms 
per unit area in the plane. 

There are many ways in which we can draw planes in the 
crystal hut only m those few cases where the planes have some 
obvious relation to the symmetiy of the crystal will these planes 
contain an appreciable numbei of atoms, and thus produce any 
appreciable reflection Thus wo may evpect that when a beam 
of X-rays falls on a oiystal the scatteied radiation will be emitted 
in a comparatively few duections coriesponding to tlio thickly 
studded planes in the crystal For pin poses of calculation we 
may regaid these rays as having been reflected in the ilifloient 
sets of planes It must be pointed out, however, that this 
lefiectiou is a volume leflection taking place at all the planes in 
the crystal It does not depend loi its existence on any such 
plane on the surface of the crystal, nor indeed on the presence 
of any polished surface at all 

So far we have only considered the effect of a single plane 
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The energy scattered by a single plane, however, will be 
infinitesimally small, and it will only be in the case where the 
reflected rays from different parallel planes reinforce each other 
that the effect may be expected to be appreciable It is owing 
to the fact that our crystal is in three dimensions and contains 
a series of planes one above the other all exactly similar, and 
parallel to each other, that any appreciable effect is produced. 

Let pp, qq, ir, . (Fig 68) be a series of such planes, and let 
PP" be a wave front advancing on the crystal in the direction 
PQ, making an angle 0 with the surface pp. It is obvious that 
the reflected radiation will be most intense if all the waves from 
the successive layers reach R m the same phase, that is, if the 
difference m path of the rays P'Q'Q and PQ is a whole iiiiinber 



of wave lengths Draw QSTS! perpendicular to pp and QD 
perpendicular to P'N. Then smee PQ and QR make eq^ual 
angles with the line pp, and QN is perpendicular to pp, Q'Q is 
equal to Q'N and the path difference between the two rays 
under consideration is P'Q' + QQ' ~ PQ = P'Q' + Q'N — P'B 
^DN 
= QN sm 6 

= 2d sm 0 . (83) 

where d is the perpendicular distance between the planes. 
Hence the condition for maximum reflection at any crystal 
face IS that 2d sm 6 shall be an integral number of wave lengths 
of the radiation used. 
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It will be noticed that the j[)ioblcm is exactly analogous 
to that of the difliaction grating, the various paiallel planes 
acting as lines iii the giating Applying the usual optical 
principles it can be shewn that a very small discrepancy from 
exact agi cement in phase between the separate elements will 
result in the alnn st conpilete extinction of the ladiation by 
mterleiencc The leflected imago will therefore be veiy shaip 
just as 111 the case of the grating. Also, exactly as in iho case 
of a grating, each particular wave length will be lellected at 
some single definite angle 

lithe pnmaiy X-iadiation is homogeneous thei o will obviously 
bo a series ol directions along whicb the radiation will be 
leflected, these being obtained bv malciiig n successively equal 
to I, 2, 3, . Ill the general equation 

2dm\Q = nX, ... . (81) 

where A is the wave length These will correspond Lo tlie spectia 
of different orders produced by a grating, and may bo alluded 
to as the first, second, etc , order lellcction spectra. These 
spectral lines can lie identified as belonging to the same 
primary wave length by the fact that sm dj sm dg ' sin dj etc 
.12 3. 

The method obviously gives us a means of comparing the 
wave lengths constituting our primary beam. For if we allow 
two beams of wave length A and A' to fall on the same face of 
the same crystal they will suffer reflection at angles d and 6' 
1 espeotively, such that 2d sin d = «A, 2d sin d' = ??A' Hence 
for the same crystal and the same order of rcfloetion we liave 

A smd 

A'^smd'' ■ ■ ‘ 

Thus if our primary beam is made up of a uumher of definite 
wave lengths, there will be a series of dcfuiite angles at which 
wo shall obtain shaip reflection of tlie ray.s, each angle corre- 
sponding to some definite wave length. If on tlie other hand 
the X-rays form a coiitmuoiis senes of wave lengths, there will 
be a certain range of angles between which reflection will take 
place This coriespoiids to the case of the continuous spectrum 
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formed by a grating with white light, and the radiation may 
conveniently be referred to as “white” X-radiatioii. 

It is obvious that the phenomenon is confined to ccrtam 
definite small limits Since the maximum value of sin 0 is 
unity, then nXl2d must be less than 1. Thus reflection will 
only take place when n is sufficiently small and d sulhciently 
laige In very favouiable cases, using the puncipal planes of 
the crystal d may be as much as five times A, in which case as 
many as ten spectra may be observed The mtensity however 
as in the case of an ordinary grating decreases rapidly with 
the Older of the spectrum It is found experimentally that the 
distance apart of the planes decreases rapidly as the planes 
become less fundamental, and eventually becomes so small 
that there aie no values satisfying equation (81) for the wave 
lengths generally present in a Rontgen beam 

It IS evident that if we keep A constant and use different 
planes as reflecting planes we can find the relative values of d 
foi the vaiious crystal systems and thus obtain much light on 
crystal structure 



91. The X-ray spectrometer The different angles at 
which reflection can occur may be investigated either by a 
photographic or by an ionization method, and each has been 
used by different investigators The apparatus needed foi the 
ionization method has been perfected by W H Bragg and is 
indicated in Fig 69 The rays from the anti-eathode of the 
X-ray tube are limited to a narrow pencil by two lead slits 
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A and B These are adjustable by a sciew and their width 
can be read on a suitable scale attached to the screw 'The 
arrangement may be compared to the collimatoi of a telescope. 
The crystal is mounted on the table of the spectrometer, as 
we may call it, at 0, and its oiientation may be lead by the 
vernier V on the circular scale of the instrument The ionization 
chamber I is carried by an arm also pivoted at the ceiitie of 
the instrument, and the reflected beam can be limited by a 
thiid lead slit D The current through the ionization chambei 
can be measured by an electroscope oi electioiuetei in the usual 
way As the intensity of the reflected lay is usually small the 
ionization chamber is gcneially filled with some heavy gas 
such as methyl iodide, in which the ionization produced by 



a given beam of X-iays i.s more intense than it is iii an Ti a 
photographic method is jncfoiicd a photographic plate is 
substituted foi the ionization cliamher 
In using the appaiatus the ciystal and the chamber arc moved 
together, the lattoi of contse being always moved tiiiougli twice 
the angle of the foimei As tlie glnncmg angle liotween the 
ciystal face and tlie incident beam is giadnally increased a 
point IS leached wheie the elec tio, scope sheu.s a deflection, and 
the ionization cm lent can he plotted against ilio glancing angle. 
11 the lays aie honiogeneons tlie X-iajs will only enter the 
chamhei and the ciuroiit will only flow at ceitain defiiute angles 
cojie.spoucliiig lo tlie difleicnt oidei of spectra Cor that parti- 
ciilai wave length, and the cuive will he discontinuous 
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This case is represented by the top curve of Fig 70, which 
shews the ourient through the chamber against the glancing 
angle 6 It will be seen that the curve shews three peaks or 
“lines ” and these three peaks can be identihed as being due 
to the same waves by the fact that sin 6 ^ sin 0 ^ sin dg as 
1.2 3 In general, however, if the radiation is that from an 
ordinary X-ray tube, it will be made up of certain rays of 
definite wave lengths together -with more or less “white” 
radiation or radiation of continuous wave length The curve 
will then be a continuous curve rising to various peaks or 
maxima, the height of which affords a rough measure of the 
intensity of the corresponding wave length in the primary 
beam This is shewn in Fig 70 the bottom curve of which gives 
the radiation from a platinum anti-cathode It will be seen 
that 111 this very important practical case the rays consist of a 
mixture of thiee special wave lengths which are characteristic 
of platinum, on a background of “white” radiation If the 
turning is continued these three peaks appear again iii the 
second Older reflections, and again in the third order It will 
be noticed that the intensity decreases with the order of the 
spectrum These three peaks are chai actcristic of the platinum 
anti-cathode They reappeai whatever the nature of the crystal 
used for the reflection , rock salt, iron pyrites, fluorspar, etc , all 
yielding the same result The curves are in fact exactly similar 
in the thi ee cases, only the scale of the curve depending, as might 
be expected from the theory, on the nature of the crystal used. 

92 Determination of the wave length of X-rays The 
theory so far developed only enables us to compare wave 
lengths To determine them in absolute units we must know 
the distance apart of the planes in oui crystal grating The 
discussion involves some acquaintance with elements of crystallo- 
giaphy, but the argument is briefly as follows. 

Taking the case of a simple cube (Fig 71), the most 
important faces are (1) the face of the cube itself, (2) the face 
parallel to a plane through opposite edges of the cube, (3) the 
face parallel to a plane including one corner of the cube and 
passing through the diagonal of the opposite face The develop- 
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ment o£ this iace gives rise to legular octahedra and is exceedingly 
common on cubic crystals The tbice sets of planes aie denoted 
in crystallography as {100}, {110}, and {111}, respectively 
Now crystallogiaphers recognize three classes of cubic 
symmetry, 

(1) the simple cube arising from a simple cube lattice such 
as we have already described, 

(2) a cube with a single particle at the centre, known as the 
cube centred lattice, 

(3) a simple cube with a particle at the centre of each face 
this is known as the face centred lattice. 

Now the ratios of the distances between two successive pianos 
for the thiee sets of planes corresponding to the systems {100}, 
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{110}, {111 } will not be the same foi the three kinds of lattices. 
It can be shewn by simple geometry that 
J_ 1_ J_ 

^100 f^lio ^111 

= 1 • vs V3 for simple cube lattice 

= 1 Vs for a cube centred lattice 

Vs 

= 1 V2 - for a face centred lattice (86) 

Now by using the same homogeneous X-radiation for the 
three faces {100}, {110}, {111} respectively we can by (83) 
hnd the ratios of d^ We can thus identify for any 

given crystal, by applying the ahme results, the particular 
order of cubic symmetiy to which the crystal belongs 
Let us apply these results to the impoitant sylvine group, 
comprising rock salt (NaCl), sylvine (KCl) and the corre- 
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sponding bromiclea and iodides These are chemically and 
crystallogiaphically similar and may icasonahly bo expected 
to have the same structiiie In the case of sylvme the measuie- 
ments would indicate that it has the simple cubic stiucture 
With rock salt, however, we meet a new phenomenon The 
reflections from the {111 ) faces give a weak first m der spectrum, 
a strong second, a weak third, a strong fourth, and so on. 
Judging only by the strong spectra we should assign to rock 
salt the simple cube lattioe. Judging by the weak first order 
spectrum it would be a face centred lattice How are the two 
results to be reconciled with each other and with the result for 
the orystallographically identical sylvme^ 

W L. Bragg made the suggestion that the points making 
up the ciystal structure were not molecules but atoms of the 
constituents of the salt Now we know that the intensity of the 
scattered radiation from an atom is pioportional to the number 
of electrons m it and therefore to the atomic number Thus the 
reflections fiom the sodium planes (Na = 11) will bo compara- 
tively weak and those from the chlorine planes (Cl = 17) will 
be comparatively strong. There will, however, be no such 
difference in the case of syl- 
vine, since the atomic number 
of potassium (19) is very near 
that of chlorine In fact, since 
the compound KCl is formed 
by the passage of an electron 
ftom the potassium atom to 
the chlorine atom (see § 155), 
the iiumbei of elections in 
each will be the same, and 
their radiating powers will be 
identical He found that all 
the results could be accoiuited 
for by assigning to both crystals the structure indicated m 
Fig 72, the metallic atoms being lepiesented by dots, the chlorine 
atoms by circles. If the dots and the circles produce identical 
effects as is practically the case with sylvme, the system becomes 
a simple cube lattice. When the particles are different, however. 
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the case corresponds to that ot an optical grating in which every 
odd rilling is made somewhat wider than the even ones. In .this 
ease, as we know, a second set of spectia corresponding to a 
grating with twice the actualgratmg space appears, siipeiiniposed 
upon the noimal spectra, the deflection of the hist order spectrum 
being approximately hall that of the noimal first order spectrum. 

Accepting this stiuctuie for the rock salt ciystal we see 
(considering the adjacent cubes m all directions) that each 
sodium atom is associated with eight of the small cubes into 
which the figure can be divided, and assuming its mass to be 
equally divided among the cubes, one-eighth of the mass is 
included in each cube There are four sodium atoms associated 
with each small cube and thus each small cube includes the 
mass of hall an atom of sodium, and theiolore hail a molecule 
of the compound sodium chloride Thus the whole structuie 
of Fig 72 lepiescnts four molecules 

The distance apait of the planes bounding the small cubes 
is obviously djoo, all the planes being exactly similaj’ Hence 
the volume oi each small cube is (djuo)'** The mass associated 
with each small cube is one haU that of the sodium chloiide 
molecule, that IS 4 (23 -h 35-5) x (Ihcmass oi the hydiogen atom). 
The mass of the latter as we have already seen (§ 25) is 
l-6f5 X lO-^'igm 

Hence if p is the density ol the lock salt crystal (— 2 17) the 
mass oi the cube = p (<fjoo)® = 29 3 x (1 G6 x 
and d .,00 = 2'814 x 10 cm, 

For the most pronounced radiation from platinum the glancing 
angle lor the first oidei speetium using the dmo pHnes ol rock 
salt is ll-4° Hence substituting in the equation A = 2d sin 6 
the wave length of this particular X-iadiation is given by 
A=l-10x 10-8 cm. 

93, The X-ray spectra. The continuous background 
Wc have .seen that the X-iay spectrum emitted wlien cathode 
rays impinge on a target consnsts, to use optical phraseology, of a 
series of bright imes superimposed on a continuous luminous 
background The Imes are characteristic of the substance forming 
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tlie targeL and conatituLo its X-iay spectrum The background is 
independent of the nature of the target except for the fact that 
its intensity is pi oportional to the atomic numhci of the element 
of which the target la made For a given target the intensity of 
the radiation is pioportional to the square of the p n across the 
tube, and to the curicnt passing through it The energy in the 
radiation is, howovei, only a minute fiaction (less than oi 
that of the incident cathode rays, the remaining portion of the 
energy appearing in the target in the form of heat. 

The distribution of intensity in the spectrum is indicated in 
Fig 73(6) The form of the curves is rem im scent of the dis- 



tribution of energy m the spectrum of black body radiation, 
but there is still considerable doubt as to the equation to the 
curves The maximum of the cuive moves m the direction of 
shorter and shorter wave lengths as the p d across the tube is 
increased 

It will be noticed that the curve falls to zero at some delimte 
wave length, which depends on the p d used to excite the tube 
There is thus for each p d a minimum value for the wave length 
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oi the lacliatioii emitted, or lu other woids a maximum fi'or| iiency, 
which cannot bo exceeded A^ery careful investigation oi this 
end part of the spectrum by Hull (7) and others has shewn that 
this frequency V IS directly jn'oportional to the applied P d If 7 
is the potential difference m volts it was found that over the 
whole range of potentials employed (from 21,000 to 100,000 
volts) the relation could be expressed by the formula 
F = 4 131 X 10-1® V, 

or converting volts to absolute o s u. and multiplying both sides 
by e, we have 

Ve = (1 377 X 10-17) x (4-774 x 10-“) v 
= 6 55 X 10-27 ^ 

Thus the maximum frequency of the ladiation omitted is related 
to the maximum energy of a cathode particle in the tube by the 
quantum relation, energy = Ve = hv, and the value of Planclc’s 
constant h obtained m this way agrees accurately with that 
determined from photo-electric phenomena It will be noted 
that in both cases the law is a direct expression of an cxj)eri- 
mental relationship, and is independent of any theory of the 
effect 

Although numerous attempts have been made no gen ei ally 
accepted theory of the continuous radiation has yet been evolved 
along the lines of the quantum theory The classical theory has 
already been considered in detail With the exception of the 
existence of a maximum frequency (which is not indicated by 
classical conceptions) the classical theory seems to provide an 
adequate representation of the phenomena of the continuous 
radiation, and of scattered radiation 

94 The X-ray spectra. The characteristic radiations 
It had been known for some time befoic the discovery of the 
X-iay spectrometei made it possible to dctoimiue the wave 
length of X-radiations, that the X-racbation given out when 
cathode rays impinge on a target or anti-cathode of any given 
substance contains groups of lays which are chai actei istu- of 
the substance of the target These characteristic rays had been 
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detected and classified by then various absorbabilities in some 
standard substance, usually aluminium, and weie lound to fall 
into two classes The moie penetrating chaiacteiistio radiation 
of the element was known as its K radiation, while the less 
penetrating type was called the L radiation of the element Each 
t}Tie of radiation was found to be, to within the bmits of accuracy 
of the absoiption oxpeiiments, homogeneous 

The methods of X-ray spectroscopy obviously enabled the 
investigation of these homogeneous oi characteristic ladiations 
to be pursued with greater accuiacy and ceitainty than could be 
achieved by mere absorption measurements, and made possible 
the actual deteinu nation of the wave lengths of the radiations 
To avoid the necessity of making and evacuating a lai ge nnrabei 
of tubes the vaiious anti-cathodes can bo mounted on a sort 
ol trolley which can be conti oiled from outside the tube by a 
magnet J3y moving the tiollov to dillerent positions each anti- 
cathode in turn can ho brought to tJie focus of the oatliode 
beam, and its eimssjon investigated 
The lomsciiion mctliocl employed by T>iagg is obviously less 
suited to investigate what may he called tlie line stiuctuio of 
the radiation than tlio pliotogiapluc method, and the latter is 
almost exeluHivcdy employed in these reseai dies Assuming the 
wave length of the i.idvation to have hecn pieviously roughly 
detci mined the ciystal is adjusted so fhat the incident beam of 
X-iays flora, the anti-cathoclc falls upon it at approximately the 
collect glancing angle The crystal is then rotated continuously 
backwards and foiwaids through a few clcgiecs about this mean 
angle during the whole ol the exposui c It is evident that when- 
ever duimg its lotation it makes with tlic mcidont beam an 
angle which is the coiicct glancing angle loi any ol the wave 
lengths radiating fioni the anti-cathoclc selective relleclion will 
take place, and a line will be foimed on a pliotogiapluc plate 
placed in a suitable position to receive the leflectcd ladiation. 
Thus ii the incident radiation consists ol a mixture of rays of 
various wave lengths each will lecord itscll as a single lino 
on the photographic plate, and an X-iay spectrum (Fig 35) 
will be formed, closely resembbng the bright line spectiuni pro- 
duced when the hght fiom a vacuum tube is photographed 
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tkiougli an ordinary spectroscope It is obvious tliat i[ the 
dimensions of the apparatus are known the coiiespond'ing 
glancing angle for each hne can be determined, and the wave 
length deduced. 

When examined by the spectrometer it is found that neither 
the K nor the L radiations are homogeneous. Tlie K radiation 
consists of four principal lines, the L radiation shows filteeii or 
more Thus the K spectrum of tungsten, the element most often 
employed in the target of an X-ray tube, shews four K linos 
0 2134, /i„^ = 0‘2086, = 0-1634 , = 0-1574, 

all in Angstrom units, and an L spectrum (Fig 45) of thirteen 
distinct hues ranging from! 6750tol 0266 a u The progress made 
in X-ray spectroscopy is so great that relative values can be relied 
upon to one partiii 10,000 The absolute values depend on Biagg’s 
doterininalion of the grating space in sodium clilorido (§ 02) and 
are thus of a lower order of aocuiaoj'' 

Tho outstanding featiuc of the X-ray spectra is then great 
similarity to eacli othei In Jact, ivith some minor excejitions, 
the characteiistic spectrum of one element difleis from thiit of 
another only in being displaced bodily in tlio spectial scale, tlie 
Avave length ol the vaiioiis lines hecoming .smaller as the atomic 
numbci of the element becomes greatei Moseley (8), to whom (lie 
first extensive series of observations is duo, jouud that il v is the 
fioqnoncy of some paiticular line in the spectrum, say tho A'„ 
lino for example, then its value for any element can be ex[)rosso(! 
by the eci nation 

v^<i(N-bf, . (87) 

where N is the atomic number ol the element, and a and b are 
constants ioi that particulai line The value o( a varies as wc 
pas.s from one lino to another, say from iJie /i’„_ to the hm' 
The value of b is the same for all lines ol the sanu; series Jtoi 
the K senes it has a value very nearly equal to unity, loi t,he 
L senes its value is about 7 4 Tbesc lolatioiis aie not (jmte 
exact, but if Vv is plotted against N a pc-ifectly smooth lino is 
always obtained, winch, lioivever, shews a slight cuivatiue lor 
large values of iV 

The Ji radiation has been measured for all elements ol higher 
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atomic number tban sodium (9) and the L radiation for elements 
of higher atomic number tban zinc (lO) The difficulty in the way of 
extending the senes still further is the great absorbabihty of the 
characteristic radiations from elements of low atomic number 
In addition a third series of radiations, the M radiation of still 
greater wave length than the L series, has been measured for 
elements of high atomic number For tungsten the M radiations 
vary from 6 976 to 6 091 a v (ii) There is some evidence of 
the existence of a high fioqucncy, or J radiation 02 ) 

These characteristic radiations arc, of course, all superposed 
upon the continuous spectrum emitted by the radiator and 
described in the previous section When investigated by the 
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photographic method, tbe spectrum appears as a number of 
d Mj Ic lines crossing a grey background By the ionization spectro- 
meter method, the intensity curve shows a senes of sliarji peaks 
superimposed upon curves of the type of b’lg 73 This is indicated 
in Pig 74, which shews the ladiation from a tungsten target 
excited with a voltage rather smaller than that reqiurod to 
generate the K lines of tungsten The vaiious L peaks are well 
shewn 

95. The absorption of X-rays If a sheet of any substance 
is interposed m the path of a homogeneous beam of X-rays the 
intensity of the beam is dimimshed, and falls olf exponentially 
with the thickness of the sheet. Thus if is the imtial mtensity 
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of the beam, 7 its intensity after passing tlirougli a thickness 
cl of raateiial / = 7 (88) 

where /i is the coefficient of absorption of the radiation in the 
particular absorbing substance Tlie value of p for radiation of 
any wave length can be measured convemently with Bragg’s 
spectrometer The mstiument is ad]usted so that radiation of 
the desired wave length falls on the slit of the ionization chamber, 
and the absorbing substance, m the form of thin sheets, is placed 
in the path of the reflected ray, between the crystal and the 
ionization chamber 

Tt IS foimd experimentally that the absorption depends only 
on the number of atoms of the substance in the thickness of the 
absoibing layer, and is independent of their state of aggregation 
Thus (u/p, where p is the density, is constant foi a given substance 
and inclcpencleiit of any changes m density due to its physical 
condition pi/p is called the mass coollicicnt ol absoiption fl’lin 
absoi’iitiou can obviously bo expressed in the loim 7 = , 

where »i is the mass ol unit area ol the alisorbmg sheet 

It IS necessary to distinguish tarofiillp between llie portion 
of the energy of the incident lieam winch is actually absorbed or 
transformed in the absorbing substance, and that jioition which 
IS merely scattered in radiation of the same cpiahty as that of 
the incident beam As the scattered radiation is dispersed in all 
directions, only a fraction of it, depending on the angle sub- 
tended at Ihc absoibing sheet by the aperture of the ionization 
chamber, mil enter the lattei, and the beam will thus suflor a 
diminution in intensity from this cause alone It the expeiinient 
isananged so that only an iiiappieciablcfi action of flu; scattered 
radiation enters the measuiing chamber the coefficient p, as thus 
measuied is the sum of two distinct coefficients, the one r 
measiuing the actual absorjition, the other a the scattiuing 
Thus 

p = 0-+ T 

For light elements we have already seen that ajp has a value of 
about 0 2, and is independent ol the wave length of the incident 
radiation 

If we take some definite absorbing substance and a beam of 
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liomogenc'ous radiation oJ large wave length, so large, in fact 
tliab it docs not excite the charactciistic L radiation of the 
absorbing substance, it is found that the coefficient of absorption 
T diminishes rapidly ivitb diminishing wave length, the relation 
being expiessible in the foim 



This IS shewn by the iiortion M of the curve in Fig 75 At a 
certain perfectly dehnite wave length, however, theie is a sharp 
and veiy marked discontinuity in the curve relating t and A and 
the absorption rises abruptly to a liigli value At this identical 
wave length the chaiacteiistic L radiation of the absorbing 
substance is excited for the first time The energy of this charac- 
teristic radiation must be ab- 
sti acted from the ])iimary beam, 
and lienee the sudden increase m 
the coellieient of absorption Tlie 
jiaiticnlai fi'cipieiicy foi winch 
this plK'nomcnon occurs is known 
as the ciitical absorption Jre- 
quency loi the given suhstanci' 

These absorption limits are so 
sharj) that the wave length at 
which they occiu can be measured to an accuracy of at least 
one ]iart in a thousand (Hee Fig 45 and note on ]> 110) 

Alter passing the L discontiiinity the absorjitioii again de- 
creases with the wave length, and again acconling to a third 
power law, but with a dillercnt coefficient ol jiiopoitionahty, 
until the wave length is reached at which thi' K radiation ol the 
absorber is excited This gives rise to a K disi ontinuity, and the 
phenomena described iihove rejieat themselves Foi elements of 
very high at,oimt' miiiihei an M discontinuity is observed eorie- 
sponding to the excitation of the chai.icteristic M radiation 
The absorption curve for vaiying wave lengths thus has the 
appearance shewn in Fig 75 and the ndation may be expressed 
by the foimula 



1 = )A^ 


(89) 
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where 0^, and C'ju are constants for the given substance, 
which come into action when the wave length of the incident 
radiation is less than the corresponding K, L, M, absorption 
limits 

Jt may be mentioned, in passmg, that the absorption limit 
has a wave length shghtly shorter than that of any of the linos 
m the corresponding senes No hne of the K series is excited 
until the K limit is reached, but on reaching it all the lines are 
produced simultaneously Close investigation has shewn that 
the L limit is, in fact, a triple one consisting of three peaks very 
close together (Fig 76), while the M discontinuity consists of 
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no less than live such peaks The relation between the irequencies 
of the same absorption limit for absorbing elements of different 
atomic number is given by Moseley’s relation 
v^a{N-bf 

Foi ladiation of constant wave length the absorption vanes as 
the cube of the atomic number of the absorbing substance The 
full relation for the absorption of radiation of wave length A by 
an element of atomic number N is thus given by 

. (90) 

96. Characteristic secondary radiation. As we have seen 
ID the last section the characteristic radiation of an element 
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may be excited not only by the impact of cathode lays in a 
discharge tube but also by the action of a beam of X-rays, 
providing that the lattei is of suitable wave lengths The lays 
so excited may be described as chaiacteristic secondary rays, 
to distinguish them from the purely scattered secondary ladiation 
already described (§ 85). 

Much work had already been done on these chaiacteristic 
secondaiy 1 ays by Baikla(i3) and others, befoic the phenomena of 
crystal reflection gave us a means of actually measuiing their 
wave lengths In older to identity the diileient radiations 
their absorbability in a light substance such as aluminium, which 
has no discontinuities vutliin the lauge of wave lengths usually 
employed, was used as a test both of their homogeneity and 
of then wave length 

If tlie absorption of a beam oj X-rays is measured using 
diftercnt thicknesses of the absorbing substance wo can get a 
rough test of the homogeneity of the beam 1 1 wo have a primary 
beam of lays containing lioth hard and soft rays the latter will 
be absorbed by tlio Inst few tliicLncsses of material while the 
foimei being more penetiating will be largely transmitted. 
The beam will thus become lelatively richer in the more pene- 
trating components as it passes tliiongh greater thicknesses 
of material, and hence its absoijition will not follow an 
exponential law It was found by Darkla that the ahsoiption 
of the piimary rays from an oulinaiy focus tube was not 
exponential, and the lays weie thus piesiiinahly complex 
It was found, however, that the .seeoiulaiy ladiation given out 
by a copper radiator for example wlion illuminated by a beam 
of primary X-rays was alisorlicd very accuiately accoiding to 
an exponential law, and was, therefoic, homogeneous. For this 
leason the characteristic secondary ladi.dion fiom a ladiator 
is often described as its “ homnejeneous ladmliun ” As wc have 
seen, neither senes of ch.iiacteiistic radiations is stiietly homo- 
geneous As, however, tlic lines in tlie same .senes do not difl'or 
very widely in wave length we should not expect to disentangle 
them by the comparatively crude absorption method 

In this way the existence ol the two senes of radiations was 
recognized, and the characteiistic E radiations of all the element.^ 
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from sulphur to barium, and the L radiations from silver to 
bismuth investigated and their absorption coeflicient's in 
aluminium dctei mined Aluminium was used as a standard of 
absorption because in the first place it can readily be obtained 
in sheets of any required thickness, and in the second place 
owing to its small atomic weight its own chaiacteristio radia- 
tions are not excited in appreciable quantity and thus do not 
interfere with the results 

It was found as a result of these investigations that the 
coefficient of absorption in aluminium of the characteristic 
radiation of a given element was inversely proportional to some 
power (the fifth or sixth) of the atomic number This follows 
directly from the laws already stated, the coefficient of ab- 
sorption being proportional to A® while the wave length of a given 
chaiacteristio ray is inversely proportional to the sc(uare of the 
atomic number of the element emitting it 

It was found that m order to excite the chai actci istic radiation 
in an element it is iiecessaiy that the incident piimaiy beam 
should have a shorter wave length than that which it is wished 
to excite Thus the radiation from copper cannot bo excited 
by the charactciistic radiation from niclcel, or even by the 
characteiistic radiation from copper itself It is, however, 
excited by the characteiistic radiation of zinc, which of com so 
has a slightly shorter wave length The analogy with the 
phenomenon of optical fluoiesccnce is obvious, and on this 
account some writers refer to the characteristic sccondaiy 
radiation as the Jliiotei,cpnl radiation 

These phenomena were demonstrated byBarkla withthesimplo 
apparatus illustrated in Fig 77 The primary rays fi om a focus 
tube F fall on a radiator and thence tlirough an apeituro 
in a lead scieeu L on to a second radiator at The ladiation 
from R can be measuied by a gold leaf electroscope of simple 
type placed at E out of the direct line of the rays from R 
The purely scattered radiation from R is generally too weak 
to produce any appreciable ionization in E, the energy scattei ed 
by a radiator being normally only a very small fraction (1 per 
cent or so) of that which it emits when its fluorescent radiation 
is excited If, however, the radiation from i?j is of suitable 
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quality to excite tlie chaiacteiistic radiation in R.^ the electio- 
scope will lose its charge at a rate which is propoitional to the 
intensity of the fluoiescent radiation from R^ Thus if R^ is 
coppei and -Ri is nickel there will be piactically no cflect on the 
electioscope M, but if the nickel radiator is replaced by one of 
zinc a large effect is obtained By placing aluminiuin screens 
of various thiclcnesses in front of E, the coefficient of absorption 
of the rays can be measured The apparatus ]ust described is of 
historic interest, but it has now been completely superseded by 
the more accurate spectroscope method described in § 91 



It lias been shown hy the author that unlike the scatteied 
radiation the homogeneous radiation is emitted umforinly in 
all duections round the radiator 

97. Conditions for the direct excitation of characteristic 
radiation As we should expect fiom the tpiantum relation the 
charactciistic ladiation of a given element when used as an 
anti-cathode is only excited if the incident cathode rays leach 
a sufficiently high velocity For cathode rays of smallei velocity 
than this only the “general” radiation is given out The matter 
was first investigated by Whiddington (14) using apparatus similar 
to that shewn m Fig 78 
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Tke catliode rays were generated in the bulb A, and passed 
through a nanow hole into the In ass cylinder B which' was 
wound as a solenoid By sending suitable ciiirents through the 
solenoid magnetic fields ol calculable intensily could be applied 
at right angles to the path of the rays, which weie deviated by 
amounts depending on then velocity, and thus spread out into 
a magnetic spectium each line of which coiresponded to some 
definite known velocity of the cathode particles By suitably 
adjusting the field, paiticles of any requiied velocity could be 
made to fall on the small hole d and so on to an auti-cathode 
at c. The X-i ays generated passed out through a thin aluminium 
window CO into an ionization chamber 7 If the incident cathode 



rays were too slow to excite the cliaracteiistic radiation of the 
radiator a certain amount of “white” radiation passed into I 
This, howcvci , was always largely increased when the chai actei - 
istic radiation wasexritedand so a sharp increase in the ionization 
curient occurred when the cathode lays reachi'd the critical 
velocity 

It was found that foi every element there was a definite ci iticnl 
velocity which must he attained hvtlie cathode inys beloie the 
chaiacteristic radiation was excited This critical velocity was 
found to he pioportional to the ai.oinic niinilier ol the element 
Wind (ling (on has given his final results m the form 
= 2 {N — 2) 10® cm pel sec , 

= {N — 15) 10® cm per sec , 
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where Vj^ and Vj^ are the minimum velocities which will excite 
the K and L radiations of an element ot atomic number N Smeo 
the square root of the frequency of the characteristic radiation 
also varies as the atomic number, tlus relation shews that the 
energy necessary to excite radiation of given frequency is pro- 
portional to the frequency, m accordance with Planck’s law. 
Owing to the difficulty of determimng the exact point at which 
the oharacteiistic radiation begins to be excited the values for 
the critical velocity given by Whiddmgton’s equations aie about 
30 per cent too high 

More recent v^ork by Webster (15), using a spectrographic 
method, has shewn conclusively that the characteristic radiation 
is excited when the energy of the incident cathode particle 
becomes equal to the quantum of energy foi radiation of the wave 
length at which the corresponding absorption discontmuity (§ 95) 
occurs The experiments were carried out with an X-ray tube 
having a rhodium target and excited by means of a battery of 
a large number of accumulators The applied polniitial was thus 
constant and could be measured with high accuiacy The 
maximum energy of a cathode paiticle in the discharge was thus 
Ve, and is known to the accuracy with which the potential 
dillerenco V can be measured The radiation emitted by the 
rhodium target was analysed by a spectrometer It was foimd 
that for a potential difference of 23 2 kilovolts no lines ot the 
rhodium K spectrum were excited, but that when the potential 
difteience was raised to 23 3 kilovolts all the lines of the series 
appeared simultaneously 

Now the wave length A lor which Ve is the quantum of energy 
is given by the relation 

Substituting 111 this equation, the value of A corresponding to a 
P.D of 23'3 kilovolts IS found to be 0-533 X 10 ® cm whieli is 
the value found directly foi the 7f discontinuity of rhodium by 
absorption experiments The wave lengths of the A' lines of 
ihodium range from 0 61G to 0 534 ^ ]0-« cm Thus a given line 
in the spectrum is not excited when the energy in the cathode 
particle becomes the quantum for the ray concerned, but only 
when it leaches that of the critioal absorption frequency 
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98. The theory of X-ray spectra The api^lieatjoii of tlio 
qtiantum. principle to the jiheiioniena described in tlio piecodiiig 
sections leads at once to a A^ery convincing explanation of the 
characteristic X-ray spectia The Avork Avhich must ho done to 
extract an electron from the atom AVill depend on the forces 
which hold it bound, and hence on its position within the atom. 
Let us suppose that foi the most firmly bound electrons, which 
Ave will call the K electrons for short, this work is equal to Wj^ 
The smallest frequency which the incident radiation may have 
if it be able to effect this removal is therefore ~ iDj^jh, Avhero 
li is Planck’s constant We may assume that if the quantum oi 
eneigy la insuflicient to produce this ionization the electron will 
be unaffected by the radiation, and inll absorb no energy from 
it Thus if the Avave length of the incident radiation is greater 
than that conespondmg to a frequency no eiieigy aviU be 
absorbed from it by the I( elections As soon, liowever, as the 
frequency incieasos to the critical value, absorption by the 
K electrons begins, and there is thus a sudden marked increase 
in the cocllicient oi absorption at tlus critical fiequeiicy Thus 
the K absorption chscontimnty marks the point at Avliich the 
I{ electrons are capable of absti acting energy from the mcidont 
X-radiation, Similar considerations apply to the other absorp- 
tion discontmmties 

Thus each discontinuity corresponds to some definite position, 
01 level, AAilhin the atom where electrons arc to be found, the 
“level” being characterized by the ivork Avluch must be done 
to extract an electron fiom it This energy is calculable, without 
ambiguity, from the critical absorption frequencies liy the ro- 
lation ^ jij, 

Avhere us the critical frequency, and this calculation is con- 
firmed by the direct measuiements made Avith cathode particles 
and described in the previous section (§ 97) The comiiaratively 
small number of discontmmties and their groat sharpness m- 
chcatos that the levels Avhich may he occupied by electrons 
are comparatively feiv, and their position very sharply defined 
The existence of such levels is thus a necessary deduction fiom 
the phenomena of X-ray absorption, and does not depend on 
any tlieory of atomic structure 
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The expulsion of an olecbion from, say, the K level will leave 
a vacancy which will be filled up by some electron, either from 
outside the atom or more ])robably, and hence moic frequently, 
by an electron fiom one of the higher levels Li't us suppose, for 
example, that the electron falls into the vacant space from the 
Zj level Energy will thus be hbciated, in amount equal to the 
difference between the work necessary to extract an elecfion 
from the K level, and that necessary 1o extract an electron from 
the Li level, that is to su)', 1o Wj^ — On tin' quantum theory 
this will bo radiated in the ioriu ol homogeneous ladiation the 
frequency ol wliicb will be given by 

hv = — lOf^^ — Iwj^- — /n'/,^ (91) 

V should thus be the fro(|ueney ol a lino in the K senes of the 
element Now, as wo h.ive seen, all the quantities in this equa- 
tion can bo deterimned to an accuracy ol at lc<ist one ])art m a 
thousand it provides, tlicroloie, a very swiiclung test of fhc 
validity of our reasoiung 

The experimental daUi arc most corapleti' foi' timgsten, since 
this metal is the usual t<irget in an X-ray tulio T'ho values of 
the K and Zj discoiitmmties arc resjiectively 0 1785 10“® and 

1-2136 X I0-® Wo can put equation (91 ) in the form | 

''1 

whore A is the wave length of the ladiatiou which should be 

emitted. The value of is d 792 x 10®, and the value of 

A should thus be the reciprocal of 
this, that is 0'208G x 10“® The wave 
length of the line is found, by 
direct measurement, to be 

0 2086 K, 10-8 

Equally satisfactory agreement is 
obtained Jer the otlier linos of the 
K spectrum Fig. 79 indicates the 
origin of the ddlerent K lines, the 
levels being indicated diagrammati- 
cally by horizontal lines This theory, 
which IS due to Bohr, has been applied 
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with, equal success to the more comphcated L radiations In 
the case of the L rachation we have three possible final levels 
corresponding to the thiee L discontinuities 

The energy characteiizmg each level in the atom of a given 
element can, as we have seen, be determined experimentally 
either from the critical absorption frequencies, or from the 
critical energy which a cathode particle must possess to be able 
to eject an electron from the given level Tbe results obtained by 
the two methods arc in good agreement A third method, which 
promises equal accuracy, is provided by the phenomena of 
corpuscular secondary radiation described in the following 
section The values for the difierent levels are thus experimental 
data, and arc independent of any particular theory of the 
stiucture of the atom They provide in fact a senes of tests 
which any such theory should be able to satisfy 

The custom has grown up of measuring energy, especially 
when dealing vuth such subjects as atomic levels, in “volts” 
Thus an electron which has fallen through a p D of 20,000 volts 
is said to have an energy of 20,000 volts Mimilaily the energy 
of the K level ol rhodium is said to bo 23 3 h'llovolts The 
nomonclatme is then fuither extended to in chide radiation, and 
radiation of wave length 0 633 x 10"® cm foi which the quantum 
ol energy is 23 3 kilovolts is sometimes described as 23'3 kilovolt 
radiation As in many of the experiments the energies are 
actually mcasm’ed by the p d through ivhicli an electron falls, 
this method has obvious convemences The “ volts ” can be 
reduced to ergs by convertmg the volts to e s u and multiplying 
by the electronic charge in e s u. 

99 Secondary corpuscular radiation In addition to the 
scattered and homogeneous secondary radiations which aio 
themselves X~radiations, a beam of X-rays when falling on 
a substance also gives rise to a very easily absorbable radiation 
which can be deflected by a magnetic field, and can thus be shewn 
to consist of negatively charged electrons The velocity of these 
electrons can be measuied by the application of equation (37). 
These corpuscular lays are all absorbed within a cm. or so of 
gas, and hence the ionization they produce is very intense 
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Tablk VI 

Wave lengths and absoiption eoeffieiciits ot cli.iiactoribtic X r.vys 
(The wave Icngdia .no talvcn fiom the ]).i|)eis of Sioghaliiun) The .xl)soluln 
'..lines depend on Ri.igg’s deU iiuuuvlioii o" tlie gi.ifiiig sp.n e of .iioek 
salt civst.xl !)2) ) 
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Tlie electrons are not emitted equally in all directions If 
a voiy tliin ladiator is used (such as a sheet of gold lea'f) it 
IS found that, just as in the case of the scattered radiation, 
coiisidei ably more of the coiquiscular radiation emeiges on 
the emergence side than on the incidence side of the radiatoi 
The electrons aie, theiefoie, piojected from the atom with a 
component velocity in the direction of the primaiy beam 
Taking the theoiy of X-rays already propounded, the electric 
frfl'co in the prim aiy pulse will be at light angles to its direction 
of pxopagation The elections will, thoiefoic, have an acccleia- 
tion in this diiection, which if their attachment to the atom is 
sufflcieiitly weak will cause them to be projected in this cliiection, 
that IS at right angles to the primary beam This lateral pro- 
jection IS extremely well shewn in photographs taken by the 
expansion method of C T Tl Wilson and shewn in Fig 18 
The piimaiy beam, which is invisible, jiasses across the gas fi om 
left to right The ti acks of Ihe electi ons ejected by the lays are 
revealed by the condensation of water upon them It will be 
seen that each of these tracks begins neaily normal to the line 
of the beam 

There is howevex a magnetic field iii the pulse, so that when 
the particles have been projected they aie acted upon bv a 
magnetic field It is easy to shew that the diiection of tins 
field will be such as to deflect the particles towaids the direction 
in which the primary X-rays are travellmg In addition to 
their lateial velocity the particles will thus have a component 
111 the diiection of the piimaiy rays 

The matter can easily he dealt with numeiically by Planck’s 
theory The energy absoibed by the electron is where v is 
the fiequency Since this energy was tiavcllmg with a velocity 
c 111 the direction of the lays it has a momentum 7iv/c which is 
also absorbed by the election. Hence if k is the forward velocity 
of the oJeetion and m its mass wo have 
hv 

mu = -^- . (02) 

But it V is the velocity of projection due to the absoibed 
energy hv \mv^ = hv. 
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For the particles projected by X-rays v is of tbc older of 
10“ cm pel see Thus uji = I, which is approximately the 
value obtained by direct experiment. 

Since the elections aie projected mainly m a sideways direc- 
tion, the fact that they emeigc from both surfaces of the 
radiator is duo to the deflections they suffer duiing colhsion 
witli the molecules of the radiator Since, however, they have 
a component of velocity iii the forward direction there will 
always be a picpondeiance of electrons on the emcigence side 
of the radiator 

The secondary corpuscular radiation bears the same relation 
to the incident X-radiation that the photo-el cctions bear to 
light Owing to their much higher speed, however, the distribu- 
tion of velocities among the corpuscular radiations can be 
determined more directly and with greater ccitainty than for 
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the photo-electrons The experiments were first carried out by 
do Broglie (iG), and have smee been extended by Robinson (17) 
and others. 

The method employed is indicated m Fig 80, which represents 
the apparatus used by Robinson The incident beam of X-rays 
entermg the chamber by a window co falls on the radiator at R 
The secondary corpuscular rays emerge from R in all directions 
and some pass tlnough a nairow slit S immediately above the 
radiator The photographic plate PP' is placed film upwaids to 
receive these radiations The whole box is evaluated to a high 
vacuum, and is placed in a uniform magnetic held, the lines of 
which are jierpendiculai to the plane of the paper Each of the 
particles thus describes a circular path It is easy to shew that 
if the radiator is not too laige all particles of the same velocity 
passing through the slit will be brought to a focus at some point 
L on the photographic plate, the plane of which passes through 
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llie radiator Tins point mil be nearer or further from R according 
ill tlic particles have a small oi a large velocity The \ elocit}! can 
easily be calculated lioin the position ol L when the dimensions 
of the apparatus and the strength of the magnetic field are 
known 

Unless the incident X-i adiation is homogeneous the phenomena 
are very complex M hen however the radiator is illuminated 
witli homogeneous X-radiation the phenomena ai c comparatively 
simple and veiy interesting On developing the plate it is found 
to be crossed by a number of fairly sharp lines, thus shewing 
that the corpuscular radiation contains groups of electrons of 
identical velocity The theory of X-iay spectra already described 
provides a convincing explanation of these groups of electrons, 
and their existence provides additional support foi the theory 

An election will be ejected from the K level of an atom when 
the incident radiation has a quantum of energy equal to 
the charactenstic cncigy of the level Suppose the frequency of 
the incident radiation to be v, whoie v is greater than the 
critical frequency The K electron will absorb a whole quantum 
hv from the radiation and its energy on emerging from the atom 
will be liv — Similar cflects will occur at the other absorption 

levels in the radiating atom Thus for incident radiation of 
definite fiequency v the corjniscular radiation will contain groups 
of electrons the energies of which are — hv — iV]^, and 
so on Thus if we measure these energies experimentally from 
the observed magnetic deflections, the energy values for the 
different levels in the radiating atom can be determined The 
values obtained in this way are in excellent agreement with those 
determined by the methods already described The method has 
the advantage that it can be applied to determine the energy 
associated with levels tor which the critical absorjition wave 
length IS too gicat to be investigated by the absorjition method, 
such foi example as the K level foi oxygen and the M iind N 
levels for elements of medium and high atoimc numbers 

These definite groups of electrons are always accompanied by 
a background of “ general ” coipusciilar radiation, the velocity 
of which varies continuously up to a defimte limi t This 
“general” corpuscular radiation appears to be associated vuth 
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the scattered X-radiation, and, like this, has not yet keen ac- 
counted for satisfactorily by the quantum conditions which hold 
for the characteristic groups The fastest election emitted by a 
radiator of any substance has an amount of energy which is, 
within one or two per cent , that of the quantum of the shortest 
wave length present in the primary beam, and hence that of the 
fastest cathode particle in the X-ray tube from which this 
primary radiation comes Thus an X-ray pulse after tiavelhng 
for any distance fiom its point of origin is able to concentrate 
practically the whole of its energy on a single election in the 
atom on which it falls For observations of this kind the classical 
wave theoi y can offer no explanation 

100 Ionization by X-rays. The ionization of gases by 
X-iays has been frequently referred to, being the property 
usually employed to measure the intensity of the rays The 
number of ions so formed is never more than an exceedingly 
small fi action of the total number of molecules subjected to 
the rays, even in the most favomable cases the projiortion does 
not exceed one in 10’-^. 

The degree of ionization produced bv a given beam of X-rays 
depends on the iiatuie of the gas and on its picssuie If the 
conditions are such that no homogeneous radiation is excited 
in the gas, the ionization is directly piopoitioiial to the pressure 
of the gas down to the lowest pressures at which measurements 
have been made. The relative amount of ionization produced 
111 various gases at the same pressure depends upon the nature 
of the gas, and also to a smallei dcgico on the quality of the 
rays. In general it increases with the atomic weight of the gas 
It IS exceptionally small in hydrogen, the nuinbei of ions pei 
unit volume for a given intensity of ladiation being less than 
one per cent of that in an at the same temperature and 
piessuie while the ionization in meicuiy methyl is no less than 
425 times that in air under the same conditions 

Providing the density of the gas is kept constant the ionization 
produced in a gas undei given conditions is independent of the 
temperature over a range of temperatures from — 180° C. to 
-h 180° C 
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In all experiments on ionization of gases by X-rays it is most 
important to avoid exciting the corpuscular radiation from 
tbe olectiodes or the walls of the ionization chamber, as the 
ionization produced by these lays is sufficiently large to mask 
almost completely the ionization produced by the direct action 
of the beam on the gas. The foim of ionization chamber shewn 
in Fig 5 IS convenient The incident lays must be carefully 
limited by lead diaphragms so as not to strike the electrodes 
which are made of aluminium, in order to reduce as much as 
possible the efiects which may be produced by the scattered 
radiation from the gas falling on them The window admitting 
the lays and the far end of the chamber should be sufficiently 
far from the electrodes to ensure the complete absorption of 
the corpuscular ladiation from them in the gas before reaching 
the neighbourhood of the electrodes The electrode connected 
to the electroscope may be sunounded li desired by a wide 
guard ring, so that the electric field across the gas is straight 
and uniform The number of ions formed mice of air under 
these conditions will bo proportional to the energy absorbed by 
the air fiom the incident X-radiation This principle has heou 
employed to set up a unit of ' dosage” for medical purposes A 
“dose” of 1 e is said to have been giveu when the ions formed 
in ] c 0 of air under standard conditions convey to the electrode 
a charge of 1 e s u It is clearly a measure of the energy ab- 
sorbed from the lacliation 

X-rays ionize the gas, not directly but by means of the 
corpuscular radiation excited in the gas by the passage of the 
rays These electrons as wo have seen are emitted wiLh a high 
velocity, and in passing through the gas produce ionization 
by collision with the molecules of it Various indirect evidence 
of this has been accumulated It is, however, proved directly 
by the photographs of the passage of a beam of X-rays through 
a gas taken by C T E, Wilson’s expansion method (Fig 18). 
The tracks of the electrons emitted by the rays are shewn up 
cleaily by the condensation of the water drops on the ions 
produced by them The track of the beam of primaiy X-rays 
shews no such ions It is only evident as the line from which 
the corpuscular tracks begin. Hence the X-rays produce no 
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ions directly, but only through the medium ol the secondaiy 
elections ejected by them from the atoms of the gas It is also 
clear from the photograph (Fig 18), which is taken in a gas at 
ordinary pressure, that only an exceedingly minute propoition 
of the atoms through which the rays pass eject an electron. 
This fact has found no explanation on the ordinary continuous 
wave front theory oi ladiation. 
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CHAPTER XI 


THE a-EAYS 


101. Properties and nature of the a-rays The a-rays 
fiom radio-active substances are distinguishable from the other 
radiations by their absorbability, being completely stopped 
by less than 10 cm of air oi 1/10 mm of aluminium They 
can be detected by then action on a photographic plate, which 
IS, however, very wealc, by the ionization they produce in the 
gases through which they pass which is very intense, or by the 
fluorescence they produce on a fluorescent screen, the latter 
method being extremely convenient especially' when the radia- 
tion IS weak On observing the fluoiescence through a low power 
inicioscope it is found to consist of a succession of scintillations 
produced by the successive impact of the individual particles 
in the rays It has been shewn that each particle produces a 
separate flash on the screen when it collides with it The impact 
of a single a-paiticle can thus be observed 
With sensitive apparatus the ionization piodiiced by a single 
a-particle can also be detected, especially if the effect is multi- 
plied by causing the ions originally produced to make fresh 
ions by collision On account of the ease with which a single 
particle can be observed much more is known about the pio- 
pertics of the a- particles than about those of the jS-raj'S 
By passing a beam of the rays down a long exhausted tube 
and applying electric and magnetic fields it can be shewn that 
the a-]'ays consist oJ paiticlcs carrying a positive charge The 
velocity of the paiticlcs and the value of the latio e/'iii 
can be deduced fiom the deflections in the usual ways The 
value of ejm is the same for all the a-paiticles iio matter 
what their somce and is equal to 4823 The velocity depends 
on the ladio-active substance from which they aic ejected but 
is a constant for all the particles coming from the same sub- 
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stance. Those velocities range from 1’45 x 10® to 2 2 X 10® cm. 
per sec. 

102. Nature of the a-particle. The ratio of charge to 
mass for a hydrogen atom when carrying a single electronic 
chaigc is 9647 emu per gm The value for an a-particle is 
4823 or half that of the hydrogen atom If the charges were 
the same the paiticle would thus be twice the mass of the 
hydrogen atom, and hence probably a hydiogen molecule It 
will be shewn later that the particle cariies double the charge 
carried by an election, its real mass is therefoie four times 
that of a hydrogen atom, and thus corresponds very closely 
with that of the helium atom (atomic weight 3'96). 

The pi oof of the identity of the particles with helium has 
been rendered complete by an experiment due to Eutheriord. 
A very thin walled glass tube A (Fig 81) was 
sealed into an outer tube 3 which ivas highly 
exhausted and connected to a small discharge 
tube C To prove that there was no con- 
nection between A and B the foimer was 
filled witli lielium under pressure and left for 
some hours No trace of the helium spectrum 
was obtained m the discharge tube C The 
helium was carefully removed and radium 
emanation was passed into A, and allowed 
to stand The glass walls of A were suffi- 
ciently thin to allow the a-particles from the 
emanation to pass into B where they were stopped by the 
outer walls Under these ciicumstances the helium spectrum 
became visible in 0 m a few hours, and became brighter as 
the experiment was continued As the a-rays were the only 
particles entering B dnimg the experiment it is clear that the 
a-particles must bo atoms of helium 

103 Determination of the charge on an a-particle. Let 
N be the number of n-particles given out per second by a 
point source of rays The number falling on a sui face subtending 

a solid angle O at the source will be ^ N, assuming that the 
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particles are given oft ecpally in all directions If E is the 
charge on each paiticlo the total cliaige icaching the area per 

second will be -P- EN Thus if wc can dctcrniino this charge 
Att 

and the value of N wc can deduce E. 

The expel imeiits wcie fiist peifoimcd by Eegener The 
iinmhci of u-paiticles striking a given area per second was 
determined by counting the scintillations they produced on 
a lluoiescent sciecii of blown diamond, of known aica placed 
at a known distance from the radio-active mateiial The charge 
earned by the lays was found by allowing them to enter a 




Faraday cylinder In this way Regener obtained a value for 
the charge on an «-particle of 9 58 x 10“^“ e s n 

Owing to the iinceilaiiitv which existed at the time as to 
whetliei every «-paiticle piodiiced a scintillation on stiiking 
a fluorescent scieen, the cxpcrimenfs weie repeated by Eutlier- 
ford, using an ionization method Riitheifoid’s apparatus is 
shewn in Fig 82 

The detector consisted of a cyliiidiical ionization chamber L 
with a central wire electrode ill, the rays entering the chamber 
through a stop D of known aperture The central wiie was 
connected to an electiometei, while the outer case was connected 
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to a battery of cells. The pressure in L was reduced until the 
field applied was sufficient to produce a considerable degree of 
ionization by collision in the lemaming gas Thus when a supply 
of ions was cieatcd in the gas by the entrance of an a-particle 
the eftect was multiplied by collision and a considerable cliaige 
reached the electrometer, the needle of which gave a consider- 
able deflection Thus the entrance of a single particle was 
signalized by a kick in the electrometer needle As it was not 
desirable to let these chaigcs accumulate, the electrometer 
quadrant was placed to earth through a veiy high resistance, 
so that the charges leaked away to earth 

The source of i ay s was radium C (§ 1 35) which was conconti ated 
on a metal cone G The distance 6D being known (about 150 cm ) 
the solid angle .subtended by the aperture at the source G could 
be calculated. From the number of particles actually cnteiing 
the chamber through the aperture the whole number emitted 
per second could be calculated. When desired the particles 
could be prevented from enteiing L by turning the tap T as 
shewn in the diagram so as to close the passage It was found 
that the number of particles emitted per gm of radium C per 
second was SA x ICfi® 

The charge emitted per second by the same product was 
measured by allowing the rays to fall on a thick plate A con- 
nected to a sensitive clectiometer The radium C was deposited 
at the bottom of a shallow cup R, and the area of the aperture B 
and its distance from R weie acciiiately known In order to 
avoid any loss of charge fioiii A by ionization currents the 
apparatus was exhausted to a very high vacuum When a-rays 
impinge on matter they give use to a considerable emission of 
very slowly moving negative corpuscles often known as 8-rays 
If these were allowed to leave the disc A. or to icach it from other 
parts of the apparatus sf.iiick by the rays, a consideiablo error 
would arise To prevent this the whole apparatus was placed 
between the polos of a strong electromagnet NS, which by 
cniling the paths of the S-rays into very small cnclos prevents 
them from leaving then point of ongin Very thin aluminium 
leaf placed aci oss the opening B and across the entrance to A 
serves a similar purpose. 
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In this way it was calculated that one gram oi radium G 
would give out 31-6 electrostatic units of positive charge per 
second 

The number of earners was, as we have seen, 3 4 x 10^° 
per second, and thus the charge on each a-paiticle is’'9 3 
e.s n Eegener obtained a value 9 58 x 10”^® e s u using a 
polonium isk. It will be seen that the mean of these numbers 
is almost exactly twice the value 4 77 x whicli we have 
seen lepiresents the best value for the charge on an election. 
Thus the charge on an a-paiticle is twice the charge on an 
electron, and the «-particle is an atom of helium wdiich has 
lost two electrons The close agreement of the numbers obtained 
111 this wa)'' with those previously obtained by experiments 
oil negative elections is a fiu’thei proof of the atomic nature of 
electiicity. Their mutual agreement proves the truth of the 
assumption made by Regcner that each a-particle produces a 
separate scintillation on a suitable fluorescent screen. 

104 Passage of the a-rays through matter. It has been 
noted that the a-rays are completely stopped m a very small 
thickness of matter. If a layer of radio-active material is 
deposited on a plate and successive thin sheets ot, say, aluminium 
leaf are placed over the layer the activity of the rays passing 
through is gradually reduced. The method, however, is not a 
good one The a-iavs arc emitted in all directions and the 
path of the oblique rays lu the absorbing sheet will be much 
greater than that of the ravs which are projected normally to 
the surface The effects are, therefore, complex, and theab.sor[)tion 
curve under these circumstances is approximately exponential 
In order to study the subject in detail it is necessaiy to work with 
pencils of the rays of small angle so that the paths of the 
difierent particles are appioximately parallel to each otlser 
This can most easily be effected by taking a point source of 
radiation and limiting tbe rays by means of a small aperture 
in a lead plate at some little distance from the source 

If such a pencil is allowed to fall on a fluorescent screen the 
number of particles falling on the screen can be measured by 
counting the scintillations If now very thin sheets of some 
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absorbing substance are interposed between the aperture and 
the soicen, it is found that the number of scintillations made 
per second on the screen remains constant until the thickness 
of absoibmg material reaches a ccitain critical value (depending 
on the natfire of the absorbing substance and the velocity of 
the rays) at which the scintillations suddenly cease There is 
thus for each substance a definite thickness which the rays 
can penetrate, all the particles making up the rays penetrating 
to exactly the same distance This ciitical distance is called the 
range of the j)aTlides in the substance. 

The range depends only on the velocity of the particles and 
the nature of the absorbing substance It is of course necessary 
in these experiments to work with a very thin layer of radio- 
active substance All the particles are initially projected from 
the same radio-active substance with the same velocity If, 
however, the emitting layer is thick the particles from the 
deeper portions of it will have completed part of their course 
before reaching the siu'face, and their range in the an or other 
absoibmg medium above will be correspondingly reduced 
As the absorption in solids is veiy large, the range is generally 
nieasiiied m air at atmospheric pressure Under these ciicum- 
stanoes tiro range of the a-particles from radium C is 7-0 cm , 
and those from radium itself 3 5 cm The range m a given 
substance depends only on the mass of matter traversed by 
the rays In a g as it is thus inversely proportional to the pressure. 
This fact IS made the basis of a veiv simple method of finding 
the range of an a-particle. The radio-active matter is placed at 
the centre of a spheiical flask, the walls of which are coated 
inside with willcmite or other fluorescent substance The 
flask IS then gradually exhausted until the a-particles can just 
reach the walls of the flask and scintillations begin to appear 
The range at atmospheric jiressme is then the radius of the 
spheie multiplied by the ratio of the atmospheric pressure to 
the actual pressure in the flask 

The absorption of the a-rays is thus not due to a gradual 
diminution of their number, as this number remains constant 
until the rays completely disappear It must consequently be 
due to a gradual absorption of their energy. The matter has 
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been tested directly by measuring the velocity of the particles 
after passing through various absorbing sheets of matter The 
experiments aie made particularly easy by the use of the 
fluorescent sciceu The ia}’-s fiom a wire R excited by exposure 
to ladiiim emanation pass down a long exhausted glass tube T 
(Fig 83) and are formed into a nariow pencil by the lead 
diaphragm D This beam then continues between the poles 
of an electromagnet RS, and falls on a screen F. From the 
geometry of the apparatus and a measiuement of the shift 
pioduocd in the fluorescent spot when the magnetic field is 
turned on the radius of curvature of the rays in the magnetic 
field can be calculated, and using the eijuation p = dto/Z/c (37) 
V can be calculated since the ratio of ejm for the rays is known. 
It was found that the velocity of the rays after passing thiough 
a distance x of air could be expressed in the foim 

v^^a{R~x) . . (94) 

wheio R IS the range of the particle in air The cube of the 
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velocity IS thus directly proportional to the distance the ray 
has still to run The absorption is thus an absorption of the 
energy of the particles duiing their passage through matter. 
Tins conclusion has been confiimcd by direct experiment by 
Kapitza who has measured the natural energy of the rays at 
different points along their course, by absorbing them in a silver 
disk, and measnrmg the heat developed by a sensitive radio- 
micrometer 

A portion at any rate of this absorbed energy is used in 
ionizing the gas It is apiobable assumption, whichis confirmed by 
the experiments of Kapitza referred to above, that the ionization 
produced by an a-ray in a given thickness of matter is proper- 
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tional to the energy absorbed. On this assumption the mtensity 
of the ionization I will be proportional to since 

the mass is constant 


-{R-x)' 


oc {R — x) S 

* P = a'j{R-x) ... . (95) 

where a' is a constant 

According to this expression the ionization piodiiced by an 
a-particle should increase as the velocity decreased, using to 
a very sharp maximum as the particle reaches the end ol its range 
and then immediately dropping to zero when the particle comes 
to lest 

It will be noticed that combining the two equations we have 


Iv — constant . . . (96) 

The amount of ionization produced in an atom by an a-paiticle 
IS thus proportional to the time which the particle takes to 
pass across an atom, a very interesting i esult. 


105. Bragg’s experiments on the range of the a-particles 
The measuiement of the ionization produced by a-rays at various 
points along thoir path was investigated bv W H Bragg (3), 
whoso expeiimonts (which were considoiably eaihci than those 
we have just described) were the first to thiow hght on the 
absoiptioii of the lays His apparatus is shewn very diagram- 
matically in Fig 81 (a) and in rather moie detail in Fig 84 (h) 
The a-rays oiigmate in a veiy thin film of ladio-active substance 
at R and aie limited to a fine pencil by the lead stop C The 
ionization chambei consists of two plates A and B very close 
together, the lowei one being made of gauze to allow the entrance 
of the rays The saturation current between the electrodes is 
proportional to the mean intensity of ionization betAveen A and 
B. By alteiing the distance between the ionization chamber 
and R the ionization pioduccd by the particles at various points 
on their path can be measured 
The ionization produced in such a narrow chambei by such 
a small pencil is very small. The effect is mcreased therefore 

C.I. 14 
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by forming what is piactically a senes of such ariangenients side 
by side. The radio-active substance is deposited in a very thin 
layer over the plate R (Fig 84(&)), which is then covered with 
a gild T formed of a laigc number of metal tubes placed side by 
side ft is found more convenient to move the radio-active matter 
rather than the ionization chambei, so that R is carried by a 
rod L which can be raised or lowered by a micrometer screw. 
The distance of R fiom the ionization chamber can thus be 
accurately measured In oidei that different gases and difieient 
pressures could be employed the apparatus was enclosed in an 
air-tight case 
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Using a single radio-active substance, such as radium C, 
Biagg obtained a cuive similai to that in Fig 85. The 
ionization produced increases with the distance from the source 
up to a maximum and then drops with great rapidity to zero 
The agreement with the theoretical curve shewn by the dotted 
lines in the same diagram is thus sufficiently close The fact 
that the cessation of ionization is not quite abrupt is due to 
two causes In the first place the beam used is not accurately 
parallel, so that the normal rays penetrate to a somewhat 
greater distance from the souice than those which are more 
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oblique before tiavcrsuig Ibe same actual distance in the gas 
Til' the second place some of the rays are deviated by collision 
with the pai tides of an and hence even if the beam were 
originally parallel some of the paiticles would become oblique 


I 

I 

I 

Fig 8S 

before leaching the end of then path and would thus not travel 
the full veitical distance from the source Wo shall return to 
this point later 

The ionization per cm of path depends only on the speed 
of the a-particle Thus, il the curve is diawn for the a-particles 
fiom radium itself, the rays fiom 
which have only half the range 
of those from radium C, it will 
be found to be the same as that 
for radium C but with each 
ordinate decreased by a constant 
amount equal to the difierence 
between the ranges of the two 
sets of paiticles The lelation 
between the curves foi the two 
sets of rays is repiesented by 
the two curves iii JTig 86. 

In his earliest experiments 
Biagg used a thin layer of 
ordinary radium and obtained 
a complex curve shewn by the Rig 
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thick line in Fig 87 We aie noiv in a poaition to consider this 
cm VC 

It has been shewn that a sample of ladiuiii which has 
been standing for some time is really a mixture of several 
ladio-active substances, namclj'^ radium itself, its ^emanation, 
and radium A, B and C (Chap XIV). Of th'e five sub- 
stances present, radium B emits only and y-rays We are 
thus left with four a-ray producing substances, and lour sets 
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of «-rays Their ranges m air at normal pressure arc 3 50, 4 23, 
4-83, and 7 06 cm respectively 

Let us commence by drawing the curve for the a-particles 
from radium C, which have the longest range. It is represented 
by the line Oahe on Fig 87 The abscissa of this curve 
icpresents the total ionization at the distance of the corre- 
sponding oidmaLe due to the rays from radium C Now by 
Eutherford’s theoiy of ladio-active equihbiiurn (§ 126) the 
number of atoms of each pioduct which arc transformed in 
each second must be the same for each product, since for 
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equilibrium the quantity of radium emanation, say, winch is 
changed into ladmm A must equal the amount of emanation 
formed fi om the radium in the same time, and hence the amount 
of radium decomposed Hence if each atom is disintegrated 
with the emission of one a-paiticlc, the numbei of a-pai tides 
fiom each of the products must he the same To obtain the 
curve for ladium A we have to lower each of the ordinates 
of the ladmm G curve by 2 23 cm the diflereiice in range between 
the two sets of paiticles The sum of the abscissae of these 
two curves will give the ionization due to the a-particles from 
the radium C and ladium A, in the substance In an exactly 
similar way we can obtain the curves for the emanation and 
radium itself since all the ranges are known The sum of these 
abscissae at any point will give the total ionization to bo 
expected at a distance fiom the source given by the corie- 
sponding oidinate. In this wav we can build up the full curve 
Oahdflii (Pig 87). The cuive so obtained is found to agice 
exactly with the expermicntal ciiivcs obtained by Bragg for 
radium in radio-active eqinhbiium with its products 

This agieemont affords an excellent proof of the two assump- 
tions wo have made («) that allowing for the diffeienco in 
velocity of projection the ionization cuives are the same for 
radium and each of its pioducts, (b) that with ladium in radio- 
active equilibrium, the number of a-particlos piojectcd per 
second fiom each product is the same This affords very strong 
confirmatory evidence of the truth of Eutherford’s theory of 
radio-active change which is desoiibcd more fullv in a subse- 
quent chapter (Chap. XITI). 

106 The stopping power of an atom for a-particles. 
If the souice of a-rays is covered with a thin sheet of metal, 
the effect is to i educe the velocity of the particles and thus to 
1 educe each ordinate of the distaiice-ionizatioii curve (Eig 85) 
by a definite aniount By nieasuring the distance through which 
the maximum of the cuive is lowcied, that is, the lediictiou of 
the range of the paiticle, we can calculate the quantity of an 
at normal pressure and temperature to which the given sheet 
IS equivalent. In a compound curve such as that of Pig 87 
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each oidinate is reduced by exactly the same amount Expeii- 
ments on these lines using leaf of different matenals enable us 
to find the equivalent thickness of air for vaiious substances. 
It IS obvious that for a given substance it is the mass per 
unit area and not the thickness of it on which ther reduction 
in velocity depends 

The ratio of the mass of a column of air of unit cross section 
to the mass per imit area of the substance which produces the 
same diminution m the speed of the a-particle is called the 
stopping power of the substance 

It was found better to express the stopping power in terms 
of the number of atoms traversed lather than in terms of the 
mass The transformation can easily be made Thus the 
stopping power of silver is 0 416, that is to say, in passing 
through a given mass of silver the velocity of the a-particle is 
only reduced by 0'4]5 of the deciease pioduced in passing 
through an equal mass of air But for equal masses of aii and 
Bilvci the foimei contains 108/14 4 times the number of atoms, 

hence atom for atom silver stops 0‘416 x = 31 times 

as much as air. Tins is called the stopjnng power of the atom 
Experiment has shewn that except in the case of veiy light 
elements the stopjnng powe) pei atom is pioporhonal to the square 
loot of the atomic weight, the mean value ol the stopping power 
over the root of the atomic weight being about 0 3 

The stopping power of an atom is independent of its state of 
chemical combination, being the same in compounds as in the 
free state. Thus the stopping power of a compound can bo 
calculated fiom that of its constituents 

107 The scattering of the a-particles We have so far 
tacitly assumed that the a-pai tides tiavcl in straight lines 
through the gas, and the agieement observed between theory 
and experiment shews that this assumption is true m the 
main There is, however, always the possibility that a collision 
between an a-particle and a molecule may produce a deflection 
of the former In this case although the actual length of path 
of the particle might remain the same it would not penetrate so 
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far from the point of origin Thus taking a bundle of rays, the 
ionization between the plates (§ 105) would fall off somewhat 
less abruptly than would be the case if the particles suffered 
no deflection This is illustrated in Fig. 88, where e, / and g 
are suppos.?d to lepresent the actual paths of thiee a-particles 
of equal lange, two of which suffer deviation from their course 
befoie reaching the ionization chamber AB Such a deviation 
IS to be seen in the case of one of the actual tracks of a-particles 
shewn in Fig. 16 

The scatteiing of the a-rays has been investigated by Geiger 
using the fluorescent screen method, which is specially con- 
venient f 01 experiments of this kind 
as it enables us to detect in- 
dividual particles lie found that iii 
many cases the individual qiai tides 
suffered appi eciable deflections fi om 
then initial directions, before reach- 
ing the end of their coiiise The 
deflections weie, as might be ex- 
pected, distributed according to the 
probability law In passing through 
a thickness of gold leaf equivalent 
in stopping powei to 3-68 cm of 
air the average deflection was as 
much as 7° The most probable 
angle was loughly proportional to the thickness of material 
through which the rays had passed 

Occasional particles were, of course, m accordance with the 
law of probability deflected through much laigoi angles 
Using a gold plate it was found that one particle in about 8000 
suffered a deflection greater than 180° and so emerged on the 
side on which it had entered These results sufficiently explain 
the want of abruptness in the ending of the curve of 
Fig 85 

As might be expected the deviations arc moat violent where 
the velocity is smallest, that is, near the end of the path. 

Having lost its velocity the a-paiticle is no longer able either 
to ionize or to produce scintillations on a screen. It is also unable 
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tp lelain its charge, and thus becomes simply an atom of 
helium subject to tlie oidinaiy laivs governing a gaseous 
particle 

So far we have been consicleiing only the effect of the 
collision on the a-particlc itself. It is obvious, hovjievci, from 
the ordinal V laws of impact, that if the atom wioh which it 
collides IS free to move the atom itself will be projected as the 
lesult of the impact, with a velocity which may be comparable 
with that of the a-particle itself, or, if the atom is lighter than 
the a-particle, may even exceed that velocity. Suppose, for 
example, that an «-particle makes a direct, or “head on” 
collision with an atom of hydrogen If the forces between the 
two are electiical only, and due to the mutual repulsion of 
their charges, the collision will he perfectly elastic and the 
velocity V of the hydiogen atom after collision will be given by 


2M 
m + M 


V, 


where m and ilZ arc the masses of the hydrogen atom and the 
o'-paiticlo, and V the velocity of the latter Thus /■= 1 67 If wo 
assume that the range of the pai tides is proportional to the cube 
of the velocity, the range of the jiroj acted hydrogen atom should 
ho (I’O)® 01 four times that of the oiiginal a-particle We should 
expect, therdore, on fixing a beam of cc-paiticles through a 
column of hydiogen that occasional scintillations would be 
obsei vable far beyond the noiinal lange of the «-particles in the 
gas These conclusions have been veiificd by Marsden A nauow 
pencil of a-particles was passed down a tube containing hydrogen 
and allowed to fall on a fluoiescent screen The range of the 
fl-particles used was 24 cm m hydiogen, and the majoiity of 
the scintillations disappeared abruptly when the length of 
the column through which the lays had to pass was incicased 
to this value Occasional scintillations howcvei continued to 
be observed up to a distance of 82 cm , that is Lo say, some of 
the hydrogen atoms had acquired a velocity, as the result of 
the impact of an a-paiticle, sufficient to give them a range of 
ncaily four times that of the a-particles themselves This agrees 
sufficiently closely with the calculation just made. 



THE a-RAYS 


217 


Assuming then that the deflections ol the a-pai tides are due 
to the mutual lexiulsioii of the positive chaige on the particle 
and the positive charge of the atom, each of these charges must 
be concentrated in a space which is small compared with the 
volume of a,ji atom To produce a force capable of giving to the 
swifter hydrogen atoms the velocities actually attained it can 
easily be shewn that the positive charges must approach 
within a distance less than 3 6 y 10“^® cm assuming that 
they act like point charges up to this distance Assuming that 
the positive charge in an atom is concentiated on a nucleus of 
this order of magnitude the determination of the deflection of an 
a-paiticle by a fixed atom i educes to the problem of calculating 
the orbit of a paiticle moving with a known velocity m the 
neighbourhood of a fixed particle which repels it with a 
force which varies inverselj' as the squai'e of the distance, a 
problem ol wliicli the solution is given m books on Mechanics 
The path of the moving particle is a hypei bola, with the fixed 
paiticle at the focus, and the deflection is measuicd by the angle 
between the asymptotes. 11 the peipeiidiciilar distance of the 
fixed paiticle fiom the original path of the moving particle is 
f it IS shewn in ti catises on Mechanics that 




i. 

2 ’ 


where Ei and ^2 S'!® charges on the particles, T is thelcinetic 
energy of the moving particle and ^ the deflection produced 
Now the probability that the path of an a-paiticle will pass 
within a distance ol the centre of an atom is proportional 
to up® for a single atom, or if we have a sheet of substance of 


thickness L and containing n atoms per unit volume, the prob- 
ability that the particle will approach within a distance p of 
one of them, and thus experience a deflection greater than the 
corresponding value of 1 ^, is Trp^nl But, when dealing with a 
large numbei of particles, the piobabihty that the deflection is 
greater than 0 is obviously equal to the fraction of the particles 
which are deflected thiough an angle greater than <ji This is a 
quantity which can be determined by direct expeiiment If we 



2 
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The charge on an cs-particle is 2e, wheie e is the electionio charge. 
If the charge on the fixed nucleus is Ne then 


p = 7mt-^ cot2|. 


We have neglected, m making these calculations, the effect of 
the negative electrons which are also present in the atom. We 
have also neglected the possibihty that a single a-particle may 
h 0 deflected by more than one atom Eutheitord(4), to whom the 
theory IS due, was able to shew that at any rate for thin sheets 
of material, such as are used for experiments on the scatteiing 
of a-particles, and for all elements except those of very low 
atomic weight both these effects are negligible 
Experiments on these lines have recently been earned out by 
Chadwick (5) vith considerable accuracy. The source of the 
a-particles was placed at A on the axis of a brass plate in which 
had been cut a narrow circular zone PP. The scattering sub- 
stance (very thin leaves of copper, silver, or gold) covered this 
clear zone, while the observing 
screen was placed, also on the 
axis of the plate, at 8 The 
apparatus can be visualized 
fiom the section in Pig 89 by 
imagining the diagram to be 
rotated about the axis AS 
Thus the only particles which 
could fall on the screen at 8 
were those which had been scattered through an angle </} 
during their passage through the leaf By varying the position 
of the plate this angle could be varied It was found that, 
for all the angles employed, the relation botwoeii and the 
number of particlc.s falling per second on the ,sci een was that 
indicated by the theory Thus for .such colbsions tlic assumption 
thatthe particles behave like point charges is justified. The closest 
approach of lire two centres in these experiments was of the 
order of 10"^® cm It was further found that for the three sub- 
stances used the value of N as calculated from the theory was 
equal to the atomic number of -the scattering substance to an 
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accuracy of at least 1 per cent The resultant positive charge on 
the nucleus of an atom, measuied m “electiomc” units, is thus 
exactly equal to its atomic number This result is of gieat im- 
poitance, as the method is by fai the most dnect for determining 
the charge oa the atomic nucleus. 

IQS The collision of a-particles with atoms The experi- 
ments ]ust described indicate that at distances greater than 
10"^^ cm the positive charges on the atoms may be regarded as 
point charges obeying the invei sc square law of force For direct 
collisions, however, especially ivith the fastest a-particles, the 
closest distance of approach may, as wc have already seen, be 
considerably less than this Experiments made by Eutherford(O) 
on the collision of these particles with hydrogen indicate that 
for these closer imjiacts the law no loiigei holds 

The «-particles in their conr.so through the gas will pass the 
hydrogen atoms at varying distances from their centres, and 
will thus make collisions which will vary in obliquity Tims, on 
the assumption that they behave as jjoint charges, they ivill set 
the hydiogcn atoms in motion at angb's varying from 0 ° to 90° 
witli then own direciion If thin .sheets of absoibing material are 
intorjiosed in the path of these hydrogen lays the relation lio- 
tween the thickness of material and the number of paitioles 
transmitted should he similar to that for the «-particles from 
an extended source (§ 104) That is to say it should be ap- 
proximately exponential owing to the varying obliquity of the 
paths in the substance When the expoiiments woie made with 
a-particles of moderate velocity, say of 6 cm lange or less, this 
was found to be the case With fastei a-particles, however, q uitc 
a different relation was obtained Tn fact, using paitioles of 7 cm 
range from ladium C, the number of hydiogcn particles trans- 
mitted by the absorluiig substance was inde])endent of the thick- 
ness over the lirst three-quarters ol the whole range, and only 
then began to fall towards zeio The relation is in fact almost 
identical with that obtained for a parallel pencil of a-rays (§ 104) 
Thus, instead of the hydrogen atoms being pro 3 ected in all 
duections, the majority of them must have been given velocities 
very nearly parallel to that of the a-particles themselves At 
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these very close impacts, therefore, the inverse square law breaks 

down 

The type of collision actually found with these high speed 
particles might be imitated mechanically by projecting through 
the gas a numbei of flat discs, or oblate spheroids, with their 
greatest area of cross section at right angles to the direction of 
motion A careful measurement of the actual distribution of 
directions among the projected hydrogen atoms has been made 
by Ohadwiclc and Bielerd) The distribution actually found is 
that which would be piodiiced by mechanical collision with 
oblate spheroids having semi-axes of about 8 x 10-^® and 
4 X 10'^® cm This mechanical analogy cannot be pressed too 
far The results indicate, however, that the a-particle has an 
extension which must be taken into accoimt at distances ap- 
preciably less than lO-i^cm and that its structure is asym- 
metrical 

On repeating Ins oxpeiiments in an atmosphere of nitrogen 
instead of hydrogen, Rutherford (&) found that scintillations 
could again be observed far bejmnd the noiraal range of the 
a-particles employed Tii fact the range ol these particles from 
nitrogen was identical with that of the paiticles projected in 
hydrogen (28 cm in air) An examination of those particles by 
the method of magnetic deflection confirmed what had originally 
been suggested by their range, that they were atoms of hydrogen, 
or rather, since they are positively charged, hydrogen nuclei 
The only possible intcrjiretation of these results is that the forces 
called into play in the collision between the a-particles from 
radium C and the nitrogen atom are sufficient to cause a dis- 
ruption of the latter structure Similar particles are also pro- 
duced when those swift a-particles are piojected through 
aluminium, boron, sodium, pbosphorus, and other light ele- 
ments ( 0 ) The particles are projected not only m the forward, but 
also m the backward direction, their velocity in the backward 
direction being, however, somewhat less than in the forward 
direction A careful measurement of the velocities of those 
particles indicates that for most of the substances concerned the 
disintegiation results in an actual liberation of energy, amount- 
ing for alumimum to as much as 42 per cent of that of the 
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original a-partiole. Tliese long-range hydrogen paiticles aie pro- 
dueible from all the elements of odd atomic numbei at any rate 
as far as potassium They are not observed with the elements of 
even atomic number A modification of the experiment which 
enables obseivations to be made withm the actual range oi the 
a-particles einployed for the experiments, has levealcd the pro- 
duction from elements of even atomic number of particles of 
much smaller range, and hence smaller velocities, than the long- 
range hydrogen nuclei already dealt with It is suggested that, 
in some cases, those may be hehum nuclei 

it may also be observed that the atomic masses ol the elements 
yielding the long-range particles can all be expressed by in -h 3 , 
or, 111 the case of nitrogen, in+ 2 , where n is an intogei They aie 
not pioduced from elements such as carbon oi oxygon, whoso 
atomic weights aie exact multiples of i This suggests that the 
positive particles oi which the atomic nucleus is constnictod and 
which are presumably hydrogen nuclei tend to arrange them- 
selves into veiy stable groups of fouz This group of foui (which 
of course corresponds to the nucleus oi a hehum atom) is not 
disintegrated by the impact of the a-paiticlo The long range 
particles which are emitted, are the jiaiticlos which aio left 
over aftei the formation of the stable gioujis, and Rutheifoid 
suggests that those extra particles may be icgaidod as revolving 
like satellites around the stable groups These lesults aie ol gieat 
interest, and throw much new light on the problem of atomic 
structuie 

KEEEREjSTCEa 

(1) Rutheiword and GEiaiSR. P>oc <SW A, 81, p 111 1008 

(2) Kawtza Ibid A, 102, ]) -18 1922 

(3) W H BnAGd Phil May Doc 1904 

(4) RutherpobiI Ibid 1912 

(6) Chadwick Ibid 40. 734 1920 

(0) Rutiiebpobd Ibid 37, 537 1919. 

(7) Chadwick and Btklhu Und 42, p 923 1921 

(8) Rutherpord Ibid 37, p 581 1019 

(9) Pioa liotj Soo A, 97, p 374 1920 

RuriiEBPoRD and Ciriinvtoic Phil May 11, p 117 1922. 



CHAPTER XII 


THE P-IA-RD y-HADIATIONS 


109 Nature of the ^-rays The ^-rays can be distin- 
guished from the a-rays by their greater penetrating power, as 
they are able to produce measurable eftects after passing through 
absorbing sheets of 100 times the thickness lequired to stop 
the a-pai tides Their nature was fiist investigated by Becqueiel 
who shewed that they consisted of charged particles by the 
following simple experiment A small quantity of uranium oxide 
was placed in a small lead dish on the back of a photographic 
plate, the film side being downward The whole was then placed 
between the poles of an oleotiomagiiet in a dark room After 
some hours the plate was developed, and was found to be 
blackened immediately below the load dish, the paths of the 
rays having been bent into circles by the action of the field 
A modification of the same experiment (Eig 90) shewed that 

the rays were heterogeneous , ^ ^ 

The plate was placed film side 
upwards between the poles of 
the magnet and exposed to 
the rays for some time On 
developing the plate a diffuse 


y 


_J_L 






patch was found shewing that some of the lays had been bent 
into smaller circles than others By placing different thicknesses 
of aluminium foil on the plate it was found that the part of the 
patch nearest the soui'ce disappeared sooner than that fuither 
away The more deviable rays weie thus more absorbalile than 
the others. Since 

p = mvjHe 


these rays are the slower ones, assuming that the ratio of ejm 
18 constant 

The similarity of the ^-rays to cathode rays was further 
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established by Curio, who shewed that they carried a negative 
charge In peiforming this experiment it is necessary to avoid 
the picsence of air, as the latter becomes conducting under the 
action of the rays and the charge is thus unable to accumulate 
In recent experiments this difficulty is overcome by working 
in a high vacuum Curie however surrounded his plate by a 
solid dielectric instead His apparatus is shown in Eig. 91 



R 

Pig 91 


The /3-rays from the radio-active material in R penetrate the 
thin aluminium leaf A and the thin layer of wax, but are stopped 
by the lead plate B, giving up their charge to it On performing 
the experiment it was found that the electrometer connected 
to B shewed a gradual but steadily increasing deflection when 
the source of radio-active substance was placed below A The 
sign of the charge was negative 

110 Determination of ejm and i; for the y5-rays Since 
the /3-rays are lapidly moving negatively chaiged particles we 
can apply to them the methods of measuring the ratio of the 
mass to the charge, and the velocity, which were employed for 
the cathode rays The first acciu’ate experiments were made by 
Kaufmann, they have been repeated by numerous obseivois 

The method adopted was the one where the electric and 
magnetic fields aie parallel, and the two deflections thus at 
right angles to each other, the theory of which has alicady 
been considered {§ 54) m connection with the positive rays 
The apparatus used is shewn in Fig 92 (a) 

The source of the rays was a small speck of radium compound 
placed at R, while the rays were limited to a narrow pencil by 
a slit A m a. thick lead plate Before reaching the hole A the 
rays passed between two metal plates, which could be adjusted 
by levelling screws to be perfectly parallel The plates could 
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be laised to different potentials by means of wires whicli were 
fused thiougb. the walls of the containing glass vessel The 
photographic plate P was mounted at the top of the chamber, 
and the whole was carefully exhausted to a very high vacuum. 
The whole vessel was placed between the poles ^ of a strong 
electromagnet N, S. 

On developing the plate the tiace of the rays was a single 
continuous curved hue (Fig 92 (6)) If the rays had differed only 
in velocity this curve would have been a parabola (see (50), § 54). 
The line, however, was not parabolic, shewing that the value 
of ejm was not constant but vanod with the velocity. The fact 
that the line was smgle and unbroken shewed that this important 



ratio was a continuous function of the velocity of the rays 
In other words for every value of the velocity there was a 
single, definite value for the latio ejm which depended on the 
velocity alone 

The calculations necessary to evaluate the results are hardly 
so simple as those foi Sir J. J Thomson’s exjieiiments on the 
positive particles Allowance has to he made for the fact that 
the two fields are not coterminous. Very caieful experiments 
and elahoiate calculations were made to determine Die end- 
corrections for the two fields 
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Since the curve shewed no signs of breaks it was verv 
infprobable that the rays consisted of sets of different particles. 
It IS equally improbable that the charge was gradually changing, 
since the great accumulation of evidence has shewn that the 
charge e is ^tomic We are thus led to the conclusion that the 
mass of a ^-particle is a function of the velocity with which 
it IS moving. 

Ill Electromagnetio mass It can easily be shewn that 
a moving charge will act as if it possessed mass from the mere 
fact that it carries a charge Consider a point charge moving 
with a velocity v This will be equivalent to a ourient clement 
coinciding with the path of the particle and equal to ev, where 
e IS the charge and o the velocity The magnetic field due to 
the moving charge at a distance r from it m a direction making 

an angle 0 with the diiection of motion will thus be , 

The eneigy iii a magnetic field of strength H is per 

unit volume Hence if dn is a small element of volume at the 
point considered the magnetic cneigy m that element of volume 

The whole magnetic eneigy m the space lound the paiticlo 
will be the integial of this from the surface of the particle to 
infinity To evaluate this, with the electron as centie describe 
two spheres of radii r and r + dr and diaw two radii making 
angles 6 and 6 + dO with the direction of motion. If these 
are supposed to rotate about the direction of motion of the 
electron they will cut out from the spherical shell an annulus 
the volume of which is 

277-r sm 0 . } dO di. 

But the magnetic field is obviously constant throughout the 
space so obtained and hence the eneigy m the annulus is 

SttV 

c I 15 
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The eneigy in the spheiical shell is thus 


j2/ie“y^siii®6cZj , 


ite^o^d) 1 2 

= S' 

2n 'o 

_ 1 


J ch. ^ . (97) 

If the charge is carried by a small sphere of radius a the total 
magnetic energy in the space is | ^ dr 


This energy must be given to the particle when it is set in 
motion If the particle has a mechanical mass of M the woik 
done in giving the particle a velocity v is thus 




(99) 


Tho particle thus behaves as if its mass had been increased by 

2 /IP® 

3 a 


Thus even if SI is zeio the particle will have a mass 


2 txc^ 

equal to due to its charge e, this is called its eleotto- 


rmqnehc mass. 

It can be shewn on the electromagnetic theory that the 
above analysis is only true if the velocity of the paiticle is 
small compaied ivith that of light (practically if it is less than 
one-tenth that of hght) If the velocity of the paiticle approxi- 
mates to that of light the distribution of the electric field round 
the moving cbaige is altered in such a way as to increase the 
electromagnetic eiieigy of the field, and tliris the electromagnetic 
mass of the particle The analysis is complicated and staitmg 
from difierent assumptions as to the behaviour of the election 
somewhat difierent formulae have been developed by different 
physicists. The various fornrulae differ very little from each 
other when tianslated into iniinbers, and it has been a matter 
requiiing much expcnmental skill to distinguish between them. 

KauEraaiin adopted the formula of Abraham wlio gave 


?np 


4;8®V 2|8' 




( 100 ) 
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where and iHq arc the electromagnetic masses oi the chaiged 
particle when moving with a velocity v and with an infinitesi- 
mally small velocity lesjiectively, and ^ is the ratio vjc wheie 
c IS the velocity of hght. Kaufraann found that within the 
limits of eiqici imental error Ins results could be exactly repic- 
sented by bhis formula But this formula represents only 
the electromagnetic mass of the paiticle If the particle has 
any mechanical mass M, this will presumably be independent 
of the velocity, and the total mass of the particle will vaiy less 
rapidly than the electiomagnetic mass alone This is not 
found to be the case Hence we are led to conclude that the 
whole mass of the negative paiticles constituting the j8-rays is 
electromagnetic in nature Since the value of ejm for the slowly 
moving /d-particles agrees exactly with that for elections from 
other sources (Talilc 111, § 51) the ^-particle must be identified 
with the electron. Hence the mass of any electron is electro- 
magnetic and is due simply to the charge which it possesses. 

The formula (98) can be applied to give us a value for a, the 
radius of an election Since m the mass of an electron is 
8*9 X 10-2® gm 


89 X 10-2® = 


2i^ 

.3 a 


and since /x the magnetic pcinieabihty of a vacuum is unity 
and e is 1 59 x 10-2° emu the radius of an electron is 
1'9 X 10-2® cm. 01 roughly one ten-thousandth of the radius 
of an atom ' The electron will therefore bear to the atom which 
contains it approximately the same proportions as those of 
a pea to a cathedral 


112 Variation, of the mass of an electron with velocity 
Bucherer's experiments Owing to the progress of modern 
theory a much simpler relation between mass and velocity. 

On llie Pumiplo of Tlolalivity, all ma«, wlietliei elecliioal oi not. slioiild 
vary n ilh voloc-ity according to the foimul.i (101) If this jMincijile is acicplod, 
the (alciilation ol tlie ladiiis ot an electron lioiii its mass is invalidated The 
most diieot evidence fui the si/.e ot an election is then supplied by the expel i- 
menls on the collision ol a-paitioles inth atoimo nuclei The a-paiticle contains 
two elections, and fom hydrogen nuclei, the lattei being piobably of negligible 
Bixe, and behaves as it its dimensions weie loughly 4 x 10- “ cm by 8 x 10-^^ cm 
The ladius of an election, therefore, cannot diftor much fiom the value derived 
on tbe eleotromaguel 3 theory 
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obtained originally by Lorentz, bas now replaced the early 
formula of Abraham, and is found to give a bettei agreement 
with the latest experimental results Lorentz’s formula gives 
= ( 101 ) 
where j8 is the ratio of the velocity of the particle ta'the velocity 
of light and and TOq have the same meaning as before 
This formula has been experimentally tested by Buclierer(2) using 
a very ingenious method The source of the /3-radiation was 
a small speck of radium fluoride J? placed at the centre of two 
parallel plates A and B (Fig 93) which were very close together 
The plates were maintained at a considerable difference of 
potential, and the apparatus was placed in a uniform magnetic 
field at light angles to the plane of the paper The /3-particles 

p F| 



Pig 93 

from the radium will obviously only bo able to escape fiom 
between the plates if the electric and magnetic forces upon them 
are exactly equal and opposite Otherwise the particles will 
be deflected by whichevei of the two fields is the stronger, and 
will strike one or othoi of the plates The particles are projected 
at all angles to the magnetic field. Those which emerge from 
between the plates at an angle 0 with the magnetic field will 
have a velocity given by 

Xe — Hev sin 6, 

X 

■ ^ Hsm 9 

Thus for any given value of the angle 6 the rays which succeed 
m escaping from between the plates have a definite and 
calculable velocity 

On emeigmg from the plates the electrons are acted 
upon only by the magnetic field, and then deviation is pro- 



229 


THE jS- AND y-RADIATIONS 

portional to ejni whcie m is tlie mass coriesponding to the 
velocity V To measure the deviation the lays aie allowed to 
fall upon a photographic film F, F, which is bent into a cylinder 
coaxial with the plates. The field is reversed duimg the experi- 
ment and fhe distance between the two traces on the film 
gives twice' the magnetic deviation corresponding to that 
direction, from which e/m can be calculated Hence v and e/m 
are known for each point on the film 

Bucherer found that the results so obtained agreed very 
closely indeed with the formula of Lorentz, but less closely 
with that ol Abraham The values of mJiUg given by the 
Loientz formula ai e contained in Table VIII It will bo noticed 
that the increase in mass is inappreciable until v is at least 
one-tenth the velocity of light The discrepancy between the 
Lorentz fotmula and the experimental results of Bucherer 
was less than one per cent 

Table VIII 


p 

mjitio 

01 

1 000 

10 

1 006 

30 

1 048 

W 

1 115 

00 

1 250 

70 

1400 

80 

1 CG7 

90 

2 291 

95 

.1 203 

98 

5 025 


113. Passage of the /?-rays through matter The absorp- 
tion of the individual ^-particles by matter would probably 
follow a law similar to that for the absorption of the 
a-particles alieady consideied, that is to say, all particles of 
the same velocity would come to re.st after traversing a 
definite length of path in the matter Unfortunately, owing 
to the much smaller energy of the paiticlc, it is not yet possible 
to detect a single ^-paiticle either electrically or by the 
fluorescent soiecn We are thus limited to woiking with pencils 
containing large numbers of particles We saw that the possi- 
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bility of finding the lange of the a-jiarbicles fioin experiments 
of this kind was due to tlie fact that the a-particles arc Hut 
little deflected by matter With jS-rays however, the deflections 
are very large Thus absoiption experiments corresponding 
to those of Bragg alToid no information as to the uange of the 
lays, since, owing to the numerous changes in the direction of 
the path in the matter, the actual path of the pai tides must be 
many times greater than the thickness of the absorbing material 
Expeimieiits of this kind have been made by the authoi(3) 
The /3-rays were confined to a pencil of small angle by means 
of lead diaphragms, and the selected pencil of lays was rendered 
homogeneous (that is, of uniform velocity) by soiting out the 
complex beam emitted by radium into a “ magnetic spectrum ” 



by a traiisvcise magnetic field. It was then allowed to fall 
normally upon absorbing screens of different mateiials and the 
pioportion of the radiation transmitted was measured by an 
ionization method The curve obtamed for alummium is shewn 
in Fig 91, the ordinates giving the ratio where is the 
intensity transimtted through a thickness t of the substance, 
and 1q that of the incident radiation, foi various thicknesses of 
absoihmg material 

By measuring the velocity of the rays before and alter passing 
through different thicknesses of an absorbing substance 
W. Wilson shewed that, like the ot-paiticles, the ;8-rays lose 
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velocity in passing through matter, but the latc of loss is very 
small Owing to experimental difficulties the law of the loss of 
velocity could not be determined with any accuiacy In the 
case of the cathode rays however where the experiments are 
much easie); it has been found that 

(102) 

wheie Vq is the initial velocity, V the velocity aftci passing 
thiough a thickness x of the substance, and ^ a constant This 
law possibly holds also for the jS-particIes. Owing to the intense 
scatteiing, however, it must be noted that the jiath of the 
particle in the absorbing screen is probably much greater than 
the thickness x 


If instead of forming the lays into a clehnito ])encil they aie 
allowed to fall at all angles on an absoibing screen, for example 
if the screen is placed directly aboVe a layoi oi the radio-active 
substance, the absorption of the rays follows an exponential 
law, the intensity of the transmitted rays being given by the 


formula 


(103) 


A being the coefficient of absoiptioii of the rays The coefficient 
increases as the velocity of the i ays is reduced Using absoibing 
screens of the different elements it has been shewn by the authoi 
that the value of A/p, where p is the density of the substance, is a 
periodic function of the atomic weight of the absoibing substance. 


114. The scattering of the jB-rays As has alieady been 
noted the /3-pai tides are rapidly deflected from their original 
course during their passage through matter The question was 
investigated by the authoi (3) using apparatus shewn in Hig 95 
The ^-rays from radium at E were bent into the arc of a circle, 
of constant radius, defined by a senes of stops, by a magnetic 
field at right angles to the iilane of the paper Since the radius 
of the path of the particles was fixed, for each value of the 
magnetic field rays of definite velocity given by pTl ~ niv, 
where p is the radius of the circle and H the field, passed through 
the apparatus The rays on cmeigiug from the held fell normally 
upon an absorbing screen at P. The parallel beam was scattered 
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in the screen and lays emerged at all angles When circular 
stops of known i adius were placed at S the number of j8-pai tides 
passing through S into the ionization chamber T was equal to 
the number which had not been deflected through an angle 
gxeatci than the angle subtended at P by the i adius of the stop. 

The theory introduced by Eutheriord to explain the scattering 
of the a-pai tides (§ 1 07) should apply also to the jS-partides with 
suitable changes in the constants Here again it can be shewn 
that, at any late for elements of fairly high atomic weight, the de- 
flections pioduced by the elections in the atom should be small 



Pig 93 


compared with that due to the positively charged nucleus, while 
for thm sheets of the substance, the piobabihty that the particle 
will meet witli inoie than one ineasuiable deflection is negligibly 
small Since the chaige on a ^-paiticle is e the foimula in § 107 
becomes 
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Tins gives the fraction of the incident ;8-iadiation deflected 
thiough an angle greater than^ Thus if the radius of the stop S 
subtends an angle ^ at the scattering foil P the intensity I of 
tile radiation transmitted through the stop should he given by 

", ^ = 1 - TTnlN^e‘^lcl>^T^, 

where Iq is the initial intensity of the radiation 

Thus for ^-rays of given velocity the cuive shewing the rela- 
tion between I/Iq and the thickness I of the scatteiing mateiial 
should be linear for small thicknesses of the material Jfor stops 
of diffeieiit angle the thickness required to cut down the radiation 
to the same extent, say to half value, should be directly pio- 
portional to the square of the angle of the stop. These i esults 
have been veiified It follows further that if is the thickness 
required to cut down the radiation through a given stop to half 
value p should be chrectly proportional to Assuming that 

N IS equal to the atomic number of the element, as proved by 
d>^ 

the experiments on the scattering of a-iays, should thus be 
directly proportional to the square of the atomic number of the 
scattering substance The conditions are much more complex 
and the experiments more diflicult lor j6-rays than for a- particles, 
and the agreement between the theory and experiment is not 
very close The discrepancy is not sufihcient, however, to throw 
doubt upon a theory which is amply supported on other grounds 

115. Nature and properties of the qz-rays. The y-rays 
are distinguished from the a-rays and ^-rays by their much 
greater penetrating power The y-rays from 30 milligrams of 
radium can easily be detected through 30 cm of non They ai e 
not deviated by a magnetic field and, therefore, carry no charge. 
Their behaviour corresponds with the assumption that they 
are electromagnetic disturbances of extremely short wave 
length, even shorter than that of the most penetrating X-rays 
from a very hard bulb. 

If in sufficient intensity they produce luminosity in a 
fluorescent screen, and allecL a photographic plate They also 



234 IONS, ELECTRONS, AND IONIZING RADIATIONS 

pioduce ionization in gases, and are generally detected by 
this action 

The lelation of the y-rays to the ^-rays is the same as that of 
X-rays to cathode rays. In all probability the y-ray is produced 
by the sudden emission of a )S-paiticle from the, radio-active 
atom 01 in some cases by the sudden stoppage of t'he /3-paiticle 
within the material Thus y-rays are only produced by radio- 
active substances which are known to emit y8-radiation The 
actual connection is however somewhat obscure, as there seems 
to be no proportionahty between the intensities of the two 
phenomena Thus if the latio of the y-iadiation to the ^-radiation 
IS taken as unity foi radium C, then for thorium D it is about 
0 74, for actinium D 0 077, and for uranium X as little as 0 02 
or only one-flftieth of that for radium 0. 

116. Absorption of y-rays The absorption of a beam of 
y-iays follows at any rate appioximately an exponential law 
so that if IS the intensity after passing through a thickness 
of matter equal to d T, 

^ (104) 

The value of depends upon the absoibing substance, and on 
the source of the rays. The lays fiom uranium are less pene- 
trating than those from radium, their coefficient of absorption 
ill lead being 0 725 as against 0 60 foi the rays from radium. 
Taking the same source of ladiatioii but different absorbing 
substances it is found that the value of n/p where p is the 
density is very nearly constant for the majority of the elements 
It shews however a marked increase at both ends of the periodic 
table being exceptionally high both foi the veiy light and the 
veiy heavy' atoms 

117 Characteristic y-radiations Riitherford(i)hasrecently 
shewn that the y-iay's from vaiious ladio-active substances 
contain homogeneous groups of rays. For example the rays 
fiom radium C contain a homogeneous group of rays which has a 
coefficient of absorption A m aluminium of 0-042 p where p is the 
density of aluminium Applying the fifth power law (§ 96) we find 
that this would he the coefficient of absorption in alumimum of 
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the chaxactei'istic K ladiation of an element with an atomic 
weight 214 This is actually the atomic weight assigned to 
radium C Hence the y-radia,lion from radium C is apparently 
its chaiacteristic X-iadiation excited in it by the action of its 
own ^-rays , Radio-actinium again gives out two sets of y-iays 
having values of A/p in aluminium of 9 2 and 0 070 These 
are found to agree respectively with the absorption coefficients 
(as calculated by the fifth power law) of the K and L radiations 
for an element of atomic weight 228, which is that provisionally 
assigned to this element Other homogeneous y-iadiations 
have been discovered, such as that from thorium D which gives 
a value of A/p of 0-035, and which is the most peiietiating 
radiation known, and a very penetiating senes of radiations 
fioin ladium 0 These apparently belong to a J senes of chai- 
actenstic rays which have not yet been definitely isolated m 
the X-ray part of the spectrum, though evidence of their exist- 
ence IS gradually accumulating 

It may fuithcr be noted that the less penetiating y-rays 
such as those from actinium or radium E will excite the character- 
istic X-radiation of elements having atomic weights ranging 
from silver to didymium The y-iays are thus merely X-rays 
of very shoit wave length corresponding to the chaiacteristic 
X-iadiations of the elements of high atomic weight 

118. Determination of the wave length of -y-rays. The 
matter has been placed beyond all doubt by the determina- 
tion which Rutherford made of the wave length of the 
y-rays The method adopted was an inteiesting modifica- 
tion of that of the X-ray spectrometer aheady described As 
the glancing angle decreases with the wave length it is very 
small for y-rays, only about 1 or 2 degrees, and hence could 
not be measured with any precision To overcome the difficulty 
a ciystal S of lock salt was mounted with cleavage planes 
parallel to the line RO (Eig 96), the source of y-iadiation 
being placed at R and a photographic plate at 0. The y-iays 
strike the crystal at all angles but only those which fall upon it 
in such a way that the angle between them and the reflecting 
planes is the glancing angle for the paiticular wave length will 
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be reflected The lays aie thus left as it were to pick out their 
own leflectiiig planes, and beams of reflected lays AB and A^’B’ 
will emerge from the crystal and fall on the photographic plate 
Neglecting the absoiption of the crystal, which will be very 
small, the energy in the piimary beam must be equal to the 
energy transmitted plus the energy reflected Henhe a ray such 
as RA which is selectively reflected will suffer a much greater 
loss of energy m going through the crystal than lays which 
pass through without any loss by reflection Thus in the 
direction RA produced the rays will be relatively enfeebled 
and thus the effect on the photographic plate will be small 
The reflecting plane thus casts a shadow on the photographic 
plate at a point C in the direction RA produced Similarly 



the plane A' casts its shadow at O' It is evident that the angle 
CAB subtended by the distance between coiresponding bright 
and dark lines at the crystal is equal to twice the glancing 
angle for the rays In this way by measuiing the distance OB 
on the plate and the distance of the plate from the crystal the 
angle of selective reflection for the rays used can lie acemately 
determined 

The values of the glancing angle for the y-rays from the 
mixture of radium B and radium G used for the experiment 
ranged fioin 4 f" to 4°. The coiiespondiiig wave lengths ranged 
from 0 71 X 10“® to 4 x 10“® cm The most penetiating rays 
thus measured had about one-eighth of the wave length of the 
characteiistic K radiation of silvei Bays of still greater pene- 
tration, and hence of still shelter wave length, are known to 
exist, but their glancmg angles are too small to be measured 
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119 Secondary 'y-rays In the same way that a primary 
beam of X-rays gives use to scattered X-iadiation so 
a beam of y-iays gives scatteied y-radiation when it falls 
on a ladiator The distribution of the secondary radiation 
round the radiator is very similar to that of the scatteied X-rays 

In addition to the scattered y-radiation, secondary j8-rays 
are liberated when the y-rays fall on a radiator This radiation 
IS very much more intense in the direction in which the rays 
are travelling than in the reverse duection, the eccentricity 
being generally much more pronounced than in the case of 
X-rays The ratio for aluminium is as high as 6 1 This 

result might have been expected horn ecjuation (93), since ujv 
the ratio of the forward to the transverse velocity is proportional 
to the velocity of the electron ejected, which is in this case a 
swift moving ^-lay having a velocity which may be more than 
ten times that of the cathode particles ejected by X-rays 

120. Production of y-rays from /?-rays The reyerse 
effect, that of the direct production of y-rays by ^-rays, has also 
been demonstrated The number of ;8-paiticles emitted even by 
a powerfully radio-active substance is quite insignificant in com- 
parison with the number of electrons in the cathode rays of an 
ordinary X-ray tube As only a 
very small fraction of the eneigy 
of the j8-rays is transformed into 
y-radiation, the eftect has been 
somewhat difficult to demonstrate 
The method used is indicated in 
Fig. 97. The measuring ajiparatns 
was a simple gold leal electroscope, 

E. For measurements on the 
y-rays an electroscope of this type 
IS generally preferred to the use of 
an electrometer with a separate 
ionization chamber Owing to the 
great penetrating power of the 
radiation it would be quite im- 
possible to shield the connecting 
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tubes and the eiectiometer from the action of the ravs, and thus 
loss of insulation would lesiilt owing to the ladiation loiiiaing 
the gas in the electrometer and tulics This would catise a 
distinct and not leadily calculable loss of chaige 
The electroscope is usually constructed of lead walls 2 mm 
in thickness, so as to cut oH all secondary j8-iadialion from the 
suiiounding an, table, walls, etc This thickness causes little 
appieciable diminution in the intensity of the y-rays themselves 
A souice of p-mjs (radium E) was chosen which while nch 
in jS-rays was yet poor in y-xadiatioii This was spread* on a 
thin sheet of paper at A, the paper being used to reduce as 
much as possible the y-radiation which might be excited by the 
/S-rnys falling upon the support The substance was placed 
between the poles N, S of an electromagnet The lower face of 
the electroscope was closed by a tliiii sheet of aluminium leaf 
Wlieii Ihe j8-rays weie deflected away fiora the electroscope 
the cinient was due solely to the y-iays from the radium E, 
and nas thcrefoio (pate small 

11, howevei, a lead plate sufficiently thick to absorb all the 
5-1 ays was placed at L, iiiimedialely below the electioscope, 
and the field lemoved so that the |3-iays fell upon L, the 
ionization in E at once iiicieased This eoiilcl not be due to 
the |8-iays iheinsclves, as they wcio unahle to penetrate the lead 
If, liowever, the field was again applied so as to prevent the 
i8-rays fioni leaching 5 the effect at once ceased The increased 
ionization must therefoie he due to y-radiation set up in L 
b) the impact of the jS-iays upon it 
The matter was furtliei investigated by Rutherford and his 
pupils The y-rays produced by the impact of the jS-rays from 
a radium compound on a lead radiator were allowed to fall on 
a second lead block, and the velocity of the secondary /5-rays 
produced by them fx-om the block was measured It ivas found 
that just as m the case of the secondary cathode lays produced 
bv the impact of X-ia\s on a ladiator, the velocity of the 
secondary ^-lays produced by the action of the y-ravs on the 
metal was the s.imc (to an accuraci of one or two per cent ) 
as that of the /3-iays used in exciting the y-radiatioii 
The most illuminating experiments on the subject are, how- 
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ever, those recently made by Elbs(5) These experiments 
practically repeat with y-rays the experiments of de Broglie, 
Eobinson, and otlieis with X-rays, and the apparatus employed 
was practically identical with that used by Eobinson and 
described on p 197 A narrow tube contammg radium emana- 
tion served 3is a source of y-rays, and the radiator to be in- 
vestigated was wrapped immediately around the tube This 
combination took the place of the radiator R (Fig 80) and was 
placed in the same position The thickness of material used, 
about 3 mm., was more than sufficient to stop the j8-radiation 
from the source itself The )3-rays emerging were therefore all 
secondary /3-rays produced within the radiator by the action of 
the incident y-radiation. Knowung the magnetic field employed, 
which was of couise much higher m these exjieriments than m 
those with X-rays, the velocity of any group of j8-rays could bo 
determined from their position on the photogiaphic plate The 
energy of the rays could be calculated from their velocity, the 
necessary correction being made for the variation of mass with 
velocity 

For each of the substances employed as radiators the /3-ray 
spectrum obtamed shewed three mam lines The exact position 
of these lines varied however with the atomic number of the 
radiator, the energy being greater as the atomic number was loss 
Following the analogy of the X-ray transformations we may 
account for these phenomena by assuming that the lines are 
due to the ejection from the E level of the radiator of electrons 
by three distinct homogeneous y-radiations Let v be the fre- 
quency of one of these radiations, and the energy associated 
with the K level of an element of atomic number N Then the 
energy Fy of the ejected j8-particle should be hv — TF^ As IFy 
decreases with N, the energy of the particles should increase as 
the atomic number of the radiator decreases The theory can be 
tested numerically since the energies of the K levels are known 
from X-ray determinations, and Fy is measured For a given 
y-radiatioii F,v + IF^^ should be constant This is found to bo 
the case, as is shewn in Table TX fp 2d0) The energies, as is 
customary in these measurements, are expressed in “volts ” 
(See § 98.) 
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The honiogeneoiis gro\ip« of secondary j8-rays emitted by a 
radiator iinder the nilhience of y-radiation are thus due to 'the 
transformation ol the y-rays in the various atomic levels in 
accoirlance ivith tlie ordinary quantum relations When the 
particular level in which the transformation takes place has been 
identified the lesults can obviously be employed'to determine 
the wave length of the incident y-radiation, and provide the 
most jiracticable method of determming wave lengths in this 
pait of the spectrum 

Table IX 

Ba W Pt Pb u 

AV 2 53 2 20 2 12 2 03 1 74 y 10® volts 

Hhv 37 -00 78 89 1 18 

Ny I 2 90 2 89 2 90 2 92 2 92 

121 Characteristic y^-rays. It has been known for some 
considerable time that the ^-rays from a radio-active substance 
contain groups of rays of defamte velocity, characteristic of the 
substance, superimposed on a background of “general” radia- 



tion The ^-ray spectrum of radium B, for example, shews hve 
promment Imes, as indicated m Fig 98(6) The results described 
in the previous section suggest that these may be due to a 
transformation of the characteristic y-rays of the substance in 
its own material. 
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Ttis hypotliesis has been confirmed by Eutberford by an 
ingenious method It is knoivn that radium B and lead are 
isotopic Then absorption levels should, thciefore, be identical 
and the secondary /3-rays emitted by the two under stimulus of 
the same frequency should be identical On measuring the 
secondary spectrum from lead exposed to the y-rays from 
radium B it was found to be identical with the natural spectrum 
of radium B, in full agreement with the hypothesis 
The origin of the “geneial” or continuous ;S-ray spectrum of 
a radio-active substance is not so clear The evidence seems to 
indicate that these particles are emitted from the nucleus of the 
radio-active atom, a single jS-paiticle bemg ejected from each 
dismtograting atom It is not, however, obvious why the 
velocities of these particles should vary over so wide a range 


122 Origin of characteristic y-radiation The accurate 
measurement of the wave lengths of the characteristic y-rays by 
the method detailed in § 120 has rendeied it possible to make 
speculations as to their origin We have seen that the chaiac- 
teiistio X-ray spectra arc adec|uately exjilamcd by the hypothesis 
that each line is emitted by an electron wlucb falls spontaneously 
from a level of greater to one of low'er potential energy The 
existence of such levels in the X-iay pait of the spectrum is 
confirmed by absoiptiou experiments (§ 9S) In the ease of 
y-iays these absorption experiments are not available, and we 
must rely on the evidence of the emission spectia alone 
The “levels” concerned must, on account of the very high 
frequency of the corresponding radiations, lie within the K level, 
and the fact that the inverse square law of force holds within 
the K ring piaotieally up to the nucleus itself shews that there 
are no electrons in this region The levels, if they exist at all, 
are, therefore, levels m the nucleus itself Assuming that the 
quantum laws are applicable witlim the nucleus of the atom , we 


must have 


hv =Wb~ 


where v is tlic frequency of the y-iadiation emitted by the 
passage of an electron from a level of energy Wjj to one of 
energy 


i6 
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It IS of coiiise always jjossible, by taking a sufficient number 
of levels, to satisfy tlie relation The validity of the method i^ll 
th'pond on its being able to account for a large number of 
homogeneous lays with a comparatively small number of levels 
ymce any transference of an electron from a higher to a lower 
level shoiikl give rise to a line in the spectiiim, the number of 
lines emitted should be equal to the number of possible combina- 
tions between the levels assumed Thus four levels, A, B, 0, and 
D, should give rise to spectrum hues corresponding to the trans- 
formations D — A, C — A, B- A, D- B, C ~ B, and D — C, or 
SIX m all. Elhs(8), to whom both the measuiements and their 
interpretation are due, has found it pos-sible to interpret the y-ray 
sjjeetriim ol radium B by assiimmg the existence of seven 
diileieni, eneigy levels in the nucleus, with a maximiiin dis- 
eitqjancy between the calculated and the observed frequencies 
of the sjiecirum lines ol less than 1 jiei cent Of the 21 lines to 
whi( h these levels should giv'e use, 14 have already been 
identified The evidence is thus strongly in favour of the sugges- 
tion put forward by Elhs, and of the apphcabihty of the quantum 
theory vithm the nucleus 

In addition to its characteristic line spectrum the radio- 
active substance also emits a continuous y-ray spectrum. This 
contimious y-iadiation is pi obably concerned with the emission 
of the continuous j8-ray spectrum 
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RADIO-ACTIVE CHANGES 


123. Disintegration of nranium. We have already con- 
sidersd the nature of the radiations emitted by radio-active 
substances We must now investigate more closely the natuie 
of radio-activity itself Uranium supphes us with perhaps the 
simplest case Uranium and its salts were found to give off 
both a- and /3-rays, y-rays of small intensity attending the 
latter. Using a thick layer of the substance practically the 
whole of the effect on a photographic plate is duo to the j8-i adia- 
tion, since owing to the great absorbability of the a-rays only 
those from a comparatively thin layer can reach the surface 
and at the best of times the photographic effect of an a-ray 
IS small. In 1900 Sir Wm. Crookes shewed that it was possible 
by a single chemical operation to obtain uranium which was 
photographically inactive, while the whole of the photographic 
activity was coiicentiated m a veiy small residue, free from 
uranium and consisting chemically of the small traces of the 
impurities present in the original salt This residue to which 
he gave the name of uranium X could be obtained many 
hundred times as active weight for weight as uranium itself, 
while the ma]or fraction which could be shewn by chemical 
tests to be uranium was photographically inactive The method 
originallv used was to precipitate the uranium ivith ainmonium 
carbonate and to dissolve the precipitate in excess of the 
reagent On filtering a trace of precipitate remained behind 
on the filter paper This contained the uranium X The same 
sepaiatioii can also be caiiied out by other methods So fai 
the phenomena resemble very closely the sepaiation of two 
ordinary chemical substances by the usual methods of analysis 
However, if the two fractions are laid aside for two or three 
months it is found that the uiamum has recovered the whole 
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of its oiiginal activity while that of the uranium X has com- 
pletely tlisappeared. The loss of activity of the uranium was 
therefore only temporary in chaiactei, ivliile the increased 
activity of the sepaiatcd uianiuin X w^as ec^ually short lived. 

It was further found that the total activity, as nieasuied by 
the photographic eficct, that is, by the ^-rays, was constant 
at any lime before or after the scpai ation, the gam of activity 
of the iiianium exactly coriespoiiding to the loss of activity of 
the uranium X The measiucuieiits aie most conveniently 
made by the elcetiical method The substance to be examined 
IS spread in a thin layer over the lowmi plate B of the paiallol 



no; 09 

plate ionization chamber (Pig 99) which is used ns the high 
potential plate and connected to a battery of cells The upper 
plate A IS connected to the electroscojie or elcctiometer, and 
the .saturation ciuiont is measured in the usual way The 
saturation current is taken as pioportional to the activity of 
the suhstance In order to be comparable with the photographic 
effect w’hich we have been describing and which as has been 
pointed out is due to the ^-lays, the suhstance must he covered 
with 1/10 mm of aliimiiuum to cut off all the a-iadiation 
Using two cliamhcis of this type we can investigate more 
closely the change of activity wnth time in the two fi actions. 
The results for uranium are shewn in Pig. 100 The two 
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curves are complementary, the sum of the two ordinates at any 
point being the same. 

By plotting the loganthms of the currents against the time it 
IS found that the decay curve of the uraiiiiim X follows an 
exponential law, that is, if Zj is the activity at a time t, then 
^ 

Zo"® 

wheio Zg IS the activity at the moment when the measurements 
began, and A is a constant, which is known as the fadw-actiie 
constant for the particular substance, in this case uranium X. 


(105) 



Since the curves are complementary the recovery curve for the 
uranium can be expressed in the form 

It 


= l-e 


(106) 


where t is the time which has elapsed since the uranium was 
completely fieed from uranium X, and A is llte same constant 
as he foie 

Differ entiating the expression for the decay of uranium X 
we have (ij 

g — AV-*'. 

But Zq IS the quantity of the uranium X still present = Z 
say. Thus g,J 
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111 other words the utle of demy at any moment is simply pvpor- 
tionnl to the yuantity of laiho-achve mallei still piesent, a very 
impoitiint result. 

'L'he uramum which has been freed from Ur X is inactive 
as measiiied by its j8-ray effect If, however, we^ remove the 
aluiniiuum screens from the two fractions in Fig 99 wo 
find that the ionization is now nearly all due to the uranium 
itself, the activity of the separated fraction being negligible 
111 comparison with that of luaiuum itself In other words 
uramum itself gives out a-rays but no ^-rays while the uianinm 
X gives out ^-rays but no «-rays 

The late of decay of activity of the Ur. X has been shewn 
bv many expcnmcnls to be ([into indciiendent ol extoinal 
conditions It is the same whetlici Ibe two fiaction.s are Irept 
sepaiale or nhcthoi they aie enclosed iii the same tube, the 
.same whether the ] noduct is exposed to the aii oi sealed in a 
(hick walled lead bo.v, ,so uh to be freed as fai as possible from 
ail external in/lnences ft i.s cpiite independent of tempeiature 
being the same .it the tenipoiatuie of liquid air as at a red 
lieat It docs not depend on the pioce.sso8 used loi the separation 
of the two substanec.s and is theieforc presumably independent 
of the state of combination of the substance The giowth of 
activity of the uiaiiiniii salt is the same if it is changed into 
some otliei salt of the metal, oi whether it is solid or in solu- 
tion It IS in fact a constant of the substance itself. 

134. Theory of radio-active change. It is at first sight 
somewhat remaikable that the processes of recovery and decay 
should be so closely connected even w'hen the tw'o fractions 
aie separated from each other in such a w'ay as to preclude all 
possibility ot interaction between them The effects however 
have found a complete explanation on the following assump- 
tions 

(1) That there is a constant pioduction of the new radio- 
active substance (Ui.X) by the ladio-activc body (uranium) 

(2) That the new substance (Ur X) itself disintegrates 
according to an exponential law, with a constant equal to the 
radio-active constant A for the change 
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Suppose that from the given mass of uiaiiium particles of 
uranium X are pioctuced per second The activity of the par- 
ticles produced in a short interval of tune dt mil at their moment 
of production be equal to Kq^^dt, wheie K is a constant measur- 
ing the effect pioduced on om electroscope by one particle of 
Ur X Tie activitv of these particles after a time t will be 
= . ( 108 ) 

Suppose we wish to know the total activity of the uranium at 
a time T after it has been completely fieed from the product 
Ur X Then the time which has elapsed since the formation 
of the particular particles we are deahng with is equal to T ~ I 
where t represents its moment of formation The effect due to 
these particles is thus and the total activity at the 

time T IS therefore given by 

72 -= l^'Eqf,e-^(^-‘>d( 

= ( 109 ) 

The maximum activity is reached when the process has been 
going on for a sufficient time to make e“^^' negligible, and is 
given by 

Io= -X 

Calling this value Iq we have 



which agrees with the experimental results It will be noted 
that A IS the constant measuring the rate of decay of the product. 

The equilibrium state is obviously i cached when the loss of 
activity due to decay of the product is equal to the rate of 
formation of the product from the original substance Since 
the product is always decaying accoiding to the exponential 
law, whether it is mixed with the parent substance or separated 
from it, it follows that uranium is constantly producing a new 
substance uranium X from itself at a definite constant rate 
When equilibrium has been estabhshed it is evident that the 
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quantities o£ the two substances piesent will boar a constant 
ratio to each other. 

The possibility o£ separaliiio iiianiiiin X from uranium in 
vaiioiis chemical ways .shews that the two substances aie 
chemically distinct This is still more obvious in the case of 
radiuin, in which, as vre shall see, the first pioduct (ff the ladio- 
active change is a gas. Moreover, the maiuuni not only gums 
uramuni X but in the process emits mjiai tides which, as wo 
have aheady seen, are niateiial in nature, being neither more 
noi less than charged atoms of helmin It is impossible in view 
of those ami inuny other facts which will appeal thioughoiit the 
di.soii.sbion to a^oid the conclusion that the atom of uranium 
disintegiates spontancouslv, giving oil a chaigcd helium atom 
and forming a now clcnicnt uiaiiium X which, although owing 
to its ia]ml (loc.iy i( is ■ilw.u.s piosent m (luantitios too small 
to admit of diioot chomioal mvefaiigalion, can be detected by 
the ^-uuliatioiis wliioh it emits The pioduct of the decay ot 
uianium X has heon idonlifiod as a new ladio-active substance, 
Ionium, which in its tuin is pioved to he the origin of the 
element i admin Owing to the iclaiion between the radio- 
active con.stants of the vaiious pioducts the investigation of 
this scipicnce h.is proved difficult Wo will theiefoio postpone 
its considciaiaon until we have con.sidered the case of radium 
itself in which owing to its mtcn.se activity, and to special 
circuinstances which rendei the separation of the various 
pioducis ca.sv, the phenomena of successive changes aie easier 
to follow. 

125 Theory of successive transformations The case 
we have so far cousidcied has been a very simple one foi two 
reasons In the fust case the amount of iii anium bieakitig up 
duiing the time of our experiments is so infinitesmiaily small that 
we can without erioi legard the amount of uianium present dur- 
ing the e.xperiinent a.s constant In the second place the substance 
foimed by the disintegration of the uranium X is so feebly 
ladio-active that its effect upon the electroscope is inappreciable 
In genera] these simple conditions do not hold Radium, for 
example, which has been prepared for more than a few days 
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IS found to contain at least five radio-active substances whose 
activity must be taken into account The same pmiciplcs which 
wcie successful in explaining the decay and recovery curves of 
uranium and its product can also be applied to the more complex 
cases with equal success For convenience these piinciples ha\ e 
been stated ill the form of six propositions by Sir Ernest Rulher- 
foid, to whom the theory is due 

(1) The activity shewn by radio-active substances is due to 
the disintegration of the atom 

(2) ' A definite fraction of the total number of atoms present 
become unstable in a given small interval of time. 

(3) In most cases this instability and dismtegi ation is accom- 
panied by the emission of energy in the form of a-, and y-rays, 
by a-iays alone or by and y-iays alone Occasionally it 
takes place without omission of ionizing radiations If radiations 
arc emitted it is assumed that the fraction of the atoms changed 
per second can be measured by the intensities of the radia- 
tions emitted 

(4) The expulsion of a single «-iay of atoniic weight 4 gives 
use to an atom differing in atomic weight by four units from the 
parent atom The expulsion of j3-particles, which have a mass 
insignificant compared with that of a hydrogen atom, produces 
no change in atomic weight, but only in the internal structure 
of the atom. 

(5) At any time after disintegration has commenced there 
exist together in the substance 

(a) the unchanged substance, 

(6) the immediate product of its disintegration of the same 
or smaller atomic weight, 

(c) any product or products formed from the disintegration 
of (&) if it IS itself ladio-active 

(G) Each of the products of ladio-active change is a new 
element, and has different chemical properties from those of 
the parent atom This is shewn by their different behavioui 
to various chemical reagents as in the case of uranium It is 
still more clear in the case of radium in which the first decom- 
position product IS a gas 

The general problem may be stated as follows; Suppose we 
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have a senes of elements A, B, G, D, suet, that A ctanges 
into B, B into C, G into D, and so on Given that the numbei of 
atoms of each piesent at a given moment in a substance is 
a, 6, c, rf, . . . respectively to find the number of each still present 
111 the mixture after a time t has elapsed The general problem 
IS capable of solution, but it will be simpler and mofc instructive 
to confine oiu attention to one or two illustrative cases which 
are met wnth in actual practice. 

By assumption (2) we have foi each of the substances 

(Injcll oc n, 

Avliere n is the number of atoms of that substance actually 
present at the given iiiomeiit Thus 

— An, « . (110) 

tluit IS to say, each element by itself decays accoiding to an 
exponential law A is known as the ladio-active constant for 
the substance 

IVe shall see later that the decomposition of the atoms follows 
a piobability law, and that Am is only the most probable value 
of the nurabei disintegrating per second When, however, as 
IS usually the case, the total iiumbci of atoms is large, the actual 
value over a finite interval of time will not differ from its most 
probable value by an appreciable amount 

It must be noted that Am is also the rate of formation of the 
new substance B. AVe have already seen that A is independent 
of tlie most extreme changes in external and chemical conditions 
It IS also independent of the age of the substance Experiments 
have been made with radium emanation which loses half its 
activity 111 3 85 days, ovei a period exceeding three months. 
The rate of decay throughout was strictly exponential, the 
constant A being the same at the end of the experiment as at 
the begmmng It is thus the same for emanation which is 
freshly formed as for emanation three months old In fact the 
bleak up of the atom depends solely on the law of probabihty 
and the nature of the atom. 

Two other ways of defining the late of decay of the radio- 



RADIO-ACTIVE CHANGES 


251 


active substance are often used The half pet lod value is the 
time taken for the activity of the suhstance to fall to one-half 
its oiigmal value This can he obtained from (110) by putting 
n/tiy = I and solving for I Thus — Ai = log^-|, 


^ log, 2 0 693 

A “ A 


( 111 ) 


The avetage life of the ladio-active atom can also he calculated 
The niim her of atoms changing during a short in terval dt at a time I 
since’the separation of the substance = )mdt Also n = 
thus dn = A«oe~''‘’ dt These atoms have had a life of t seconds 
The average life of all the atoms of the substance is therefore 


dt 


( 112 ) 


126. Radio-active equilibrium. Suppose we commence 
with some siibsLaneo such as uranium or radium the life of which 
IS comparatively long compared with the tune occupied by our 
expeiiments The average life of uranium, for example, is 
about 7 X 10® vears and that of radium about 2880 years. 
Over any ordinary period of time therefore the quantity of the 
original radio-active substance which we will call A remains 
constant, and hence fresh radio-active mattei is produced from 
it at an approximately constant rate, which will be equal to 
A^ao where Aq is the number of atoms of A present, and Aj its 
radio-active constant If B is the immediate disintegration 
product of A, B IS being formed in the substance at this constant 
late X^cIq But the late at which B disintegrates is pioportional 
to the amount of B actually present, and thus increases with 
the mciease m the quantity of B Hence a point will come when 
the rate of disintegration of B is equal to its rate of foiraation 
from A and the amount of B in the substance will then remain 


constant The rate at which B increases is equal to the difference 
between its rate of formation from A and its late of disintegra- 


tion into C Thus 


dh = X^a^dt — X^bdt . 


(113) 
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wlieic h IS tlie uiunher of atoms of B piesent at the given 
instant Similarly foi the clement C we have 
(Ic = XJ)(ll — A,c(// 

It IS evident that 1 lie aiiiounts of B, (J, present in the mixture 
will lieeoino constant when 

Ap/o A Ji = AgC = .... (114) 

Thus when radio-active equilibiinm, as it is called, has heen 
established the vaiions radio-pioducts will bear to each other 
a constant ratio which is mveisely -[iioportioiial to their radio- 
active constants Conversely, if on aTialy.sis two radio-attivc 
substances arc always found occuriiiig in nature m the same 
ratio, one of tlnuii must be a product, diicct or indiicct, of the 
other Thus the fact that the piopoition of ladiiim to uiamiiin 
in unneiahs is aluays coii.stant is evidence that ladiiim is a 
piodiict of the diMutegration of uianiiim 

A hydrostatic analogy may piove useful in iindeistandmg 
t he ])i oce.ss Suppose we have <i .senes of tanks 
P, Q, R, emptying one into the other as 
.shew n in Fig 1 0 1 The I'ute at which water flows 
out of any tank will bo piojmitional to the aioa 
of the aijortiiic and to the height of the wuxtoi 
111 the tank at the moment iindei consideia- 
tion In othei words, supposing the tanka to 
have the same area ol cio.ss .section, the flow 
will be proportional to the quantity of water 
in the tank The rate ot elTlux of the water 
thus follow's the saino law as the rate of de- 
composition of a radio-active substance 
Hupjiosmg now' that the w.itei in the tank P 
IS kept at a constant level This will coire- 
spoiid to the case we hav'e ]UBt been considering 
Watei will 1 ISC m each tank until the rate of 
efflux, which is proportional to the quantity of 
water m the tank, is equal to the rate at which 
water pours into it from the tank above. When 
equilibrium is established the rate of flow' will lOl 

be constant throughout, and the height of the water in the 
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different tanks will be inversely pioportional to tbe size oX 
tbeii' apeitui es. Jf the aperture is small the height of the water 
will be large, if on the other hand it is laige a comparatively 
small height of water will pioduce the necessaiy ef&ux. Similarly 
when et|uihbrium is established substances of quick deca)’^, 
loi which tlDe radio-active constant is large, will be present in 
relatively small piopoitions while those which decay slowly 
and for which the ladio-active constant is small, will be present 
in laige amounts It is thus only the comparatively long-lived 
radio'-active substances, such foi example as radium itself, 
which wo could expect to obtain in measuiable quantities 

The case which we have just consideied constitutes what may 
bo desciibed as permanent radio-active equilibrium the 
amounts of each substance piesoiit lemaimng constant aflei 
oquihbiuuii has once been reached Let us suppose now that 
watei IS no longer poured into the hist tank P, but that P has a 
small apeituie so that the rate of efflux is small. This will corre- 
sponcl to the case of the decomposition of a ladio-active substance 
of small but appreciable radio-active constant The rate of flow 
of water tluoush the system will obviously be governed by that 
of the tank with the smallest aperture, in this case by P It is 
evident, therefore, that when equilibrium has been established 
the quantity of watei in each tank will he jiroportional to the 
quantity lemaimng m P, since the rate of flow through the 
system is governed by this factor A little consideration will 
shew that the relative amounts of water m the dillercnt tanks 
will be very nearly the same as if the level in P were maintained 
at the value which it has at the moment of observation by a 
continuous influx of water It will actually be slightly larger. 
The two cases will approximate more nearly to each other the 
slower the rate of efflux from P 

We thus get a state which we may describe as that of liaimcnt 
equilibnum, the relative quantities of water in each tank 
remaining constant, but each of the quantities decieasmg m 
absolute magnitude proportionately to the quantity in the 
first tank 

This case corresponds to that of a ladio-active substance 
which gives rise by its disintegration to a series of ladio-active 
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substances, the average Me of which is short compared to its 
own IMi example, radium emanation which has an average 
life of 5 55 clays gives rise to successive radio-active substances 
which have average lives of 4*32 iiiinutes, 38 7 minutes, and 
28 1 minutes icspectivelj'. Thus, if radium emanation is placed 
in an enclosed space and loft to decay, after equilibrium has 
been established, which takes place m about torn or five hours, 
the (|uanlity of any one of the piodncts present i.s simply pio- 
poitional to the quantity of the emanation remanniig m the 
vessel This is a case of transient ladio-active cquihbriuifi It 
can be shewn that in this case the quantity of each product 
actually piescnt is about one per cent greater than the value 
which it would finally attain if the quaiititv of emanation 
piosent weie maintained at its actual value at that instant by 
an exteiual somce 

The jirobleius aiising can easily be solved if leqmrod by an 
application of the imnciples enunciated by Kutheiford 
Taking tlie case we liave just considered for an example, 
suppose that J, B, C, are a senes of such elements so that 
A changes into B, B into 0, and so on Then if the substance 
at the beginning consists only of the element A (for example 
only of xadnnii emanation), and if a, b, e, ... arc the number of 
atoms of each element present at a time t fiom the start, and 
K>\Ac>" are the corresponding radio-active constants, we have 
a = 

w’here Uq is tlie number of atoms of A with winch wo commenced 
the expeiimcnt Also bj' (1 13) ive have 
ilh — \a.adl — 
lie — \bdl — X^edt, 
and .so on Wubstitutmg for a, ive have 



The solution of this equation is of the form 

Now' h ~ 0 w'hen Z = oo , since all the substances eventually 
disintegrate completely; .•. Differentiating the equa- 
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and 


tion and applying tlie conditions that when t = 0, a = a 

b = 0, we find ^ , and thus finally 

A6 — K 

The method can obviously be continued to give the corre- 
sponding value of c, and so on. If is large compared with 
Aa, then when t is comparatively large will be small 

compared with and the quantity of h present will thus be 
proportional to that is, to the quantity of A remaining; 

the result we have already obtained from general considerations. 
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CHAPTER XIV 


RADIUM AND 1T« PRODUCTS 

127. The nature and properties of radium. The prin- 
ciples wo have been considering will be made clearer, and the 
evidence for them more conspicuous, if we study in detail one 
senes of radio-active changes That of radium is the most 
suitable for the purpose, not merely on account of its intrinsic 
irapoitanco hut also owing to various accidental causes which 
rondei the phenomena pailiculaily clear. 

Radium can be isolated from uianmm ores, ni which it exists 
as (u product of the ladio-activc disintegration of the uranium 
It ii» olitaiued liy the procossc.s used in the extraction of barium 
from tlic oies, to which clomeivt it bears a close chemical 
resemhlance It can he obtained free from baiiiuu by repeated 
fractional crystallization of the biomide, the radium salt 
being somewhat Ies.s soluble in watci than the coiresponding 
salt of barium, with which, however, it is isomoiphic. 

The pi oof of the elementary nature of radium is now com- 
plete It is afloided in the first place by the spectrum, which is 
characteristic c»f the metal, and differs from those of all other 
elements The lines in the radium spectrum have now been 
analysed into their component .seiic.s, and aie found to present 
the common cliaraeterisiic,s of the metals of the alkali earths. 
Ajtplying the usual laws of spoctia the spectrum of radium is 
found to correspond to that of an alkali earth metal of atomic 
weight about 225 

Radium has now been obtained in sufficient quantities and 
of sufficient purity to enable its atomic weight to be obtained 
by direct chemical methods The method employed is that of 
precipitating the radium chloride with silver mtiate, and 
weighing the silver chloride formed. By repeated crystallization 
Madame Cuiie obtained a product so pui’e that the strongest 
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banum line was onl> leebly visilile m the spectrum ol the salt 
In this way the atomic weight was found to be 226 i Other 
icceiit determinations give values ranging from 225 95 to 
226' 15 The atomic n eight of ladmm may thus be regarded 
as known within these nanow limits. 

The vahie’of the atomic weight of radium is strong evidence 
for the disintegration thcoiy of its formation It is known that 
the conveision of uranium into radium is attended with the 
expulsion of thiee a-particles, each ol which has an atomic 
weight of 3- 99. Thus on the disintegration theoiy the atomic 
weight of radium should be less than that of manium by the 
weight of three a-pariicles or atoms of helium 1’he atomic 
weight of luanium is 238-5 That of ladiiim should theiefore 
be 238 5 — 3 X 3 99, oi 226 5, in satisfactory agreement with 
the chemical dcteiminatioiis 

Radium can bo obtained in metallic form It is a silver white 
metal, melting at about 700° C , and begmiiiiig to volatilise at 
a slightly higher tempciatme It is attacked by air forming a 
nitiide, and by water foiming the hydroxide It forms a senes 
of salts similar in pi opeities and appearance to those of barium 
It thus possesses in cveiy particulai the cliaracteis of a metallic 
element of the alkali eaith group 

128 Radium emanation. The Gist product of the disinte- 
gration of ladium is the heavy ineit radio-active gas known as 
radium emanation It is found that a sample of pure radium 
emits tins gas at a constant, definite late, the emission being 
attended hy the expulsion of an a-particlc The phenomena of 
radio-active change are peculiarly striking in this instance, the 
parent substance being a metallic solid, while the disintegration 
product IS an ineit gas ivliich can thus he easily scpaiated fioni 
it hy puiely physical means 

The existence of a ladio-active gas was first recognized m 
the case of thornim It was noticed that the measurements of 
the activity of tlus substance were liable to peculiar fluctuations, 
being tor example much diminished in a stiong draught of an 
The phenomena were hiially tiaced hy Rutheiford to the 
emission by the thorium of a substance which was earned 
* c I 17 
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about by the air currents, and thus gave rise to the observed 
peculiarities In order not to pieiudiee future investigation 
these products were called “emanations,” a name wluch has 
stuck to them in s]nte of sulisequent research They are now 
known to jiossess all the properties of ordinary gases of high 
atomic weight 

Investigation of ladiuiu salts iinmcdiately shewed that a 
snuilai emanation was gn en off by radium Owing to its com- 
paiatively long life (it decays to half value in about 3 80 days) 
this emanation is nioi e easily investigated than that fiom thorium 
which decays to half value m less than one minute Eadium 
emanation is itself ladio-active It gives off a-particles changing 
into .1 bulistance, ladium A, which being solid is deposited on 
the walls of the vessel containing the gas 

129 Elementary nature of radium emanation, Eadium 
emanation, though loimcd fiom radium, is itself an element 
This IS shewn by its chaiactoiistic spectrum, wluch differs 
eijually from tliat of radium as liom the spectia of all other 
elements The spectrum can easily be obtained bp passing a 
little of the emanation into a small discharge tube. The colour 
of the discharge is bluish, and shews luiraerous blight lines 
diffeiiiig fiom those ot all other elements 

Since the emanation is formed from radium by the expulsion 
of an a-paiticle of mass 3 1)9 its atomic "weight should be about 
222 5, taking that of ladiiinr as 226 6 The matter has been 
investigated directly by Earasay and Giay, "W'ho succeeded in 
dctcimimng the densitj’" of the emanation using a quartz 
inici obalance of special construction For details of this 
brilliant piece of expeiimental woik rcfeience should be made to 
the original paper The principle of the balance is .simple Two 
bulbs of very unequal size but of equal mass aie placed at the 
Uyo ends of the beam of a small quaitz balance enclosed in a 
small aii-lighl chamhei The weights are adjusted so that the 
beam i.s horizontal Avheii the balance case is completely 
evacuated. If gas is now admitted to the space aiound the 
balance tlie buoyancy ot the gas will leduce the eflective mass 
of the larger bulb, and thus cause a deflection of the beam. 



RABIUM AND ITS PllO DUCTS 


259 


The buoyancy of the gas can be calculated in terms of the 
deflection of the beam when the sensitivity of the balance is 
known, and fioin the buoyancy the density of the gas can be 
at once detcrininod 

The mean result of several experiments shewed that the 
density of the emanation was 111 5 times that of hydrogen. 
This gives a molecnlai weight to the emanation of 223 The 
chemical piopeities of the gas icsemhle those of the argon 
gioup, and it is thus presumably monatomic In this case its 
atomic weight is also 223 Considering that the total weight ot 
the emanation available for the oxpeiiment was no moie than 
] /lOOO of a milligram the agieeincnt with the theoretical value 
IS siiipnsingly good 

The emanation has been found to behave as a gas at ordinary 
temporatuies It obeys Eoyle’s law, it lupiefies at — 65° C at 
normal piessuie, but exeits an appreciable vapour pressure 
down io a teinpeiatuie of ~ 150° C Accoidiug to Ramsay and 
Gray its ciitical tcmpeinture and piessuie are 104 5° 0 and 
63 atmospheics lespectively The density of the emanation at 
the tempeiatiue of liquid air, at which it is piobably solid, is 
between 5 and 6 

Radium emanation is thus a definite chemical clement 
belonging to the gioiip of inert gases Sir W Ramsay pioposod 
to emphasize tlus fact by giving it a separate name, Niton 
The pioposal, although desirable, has not met with geneial 
acceptance 

130, Rate of decay of radium emanation. As radium 
emanation is extensively used in expeiimental researches it is 
necessary to know its rate of decay with some accuracy The 
simplest method is to allow the emanation in a closed tube to 
attain radio-active equilibrium with its immediate products 
ladiiim A, B and C These products are all sboit-lived the most 
stable having a half period value of 26 8 minutes A few hours 
thus suffices to set up transient eqmlibrium iti the system 
The rate of decay of any pait of the activity is then, as we have 
already seen (§ 126), that of the most stable of the constituents, 
in this case the emanation, The advantage of this method is 
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that it allows us to use ilie jS- and y-ravs, wliioh, as we shall 
see latei, arc actiiallv omitted by its disintogiatioii piodtfcts, 
radium B and radium C, as a measure of the activity of the 
emanation itself Tt fui thcr allows us to evade the complications 
due to the growth of these products iii the emanation dining 
the first few hoiiis aftei separation 

The apparatus used by Curie is shewn m Fig 102 The 
radium emanation, enclosed m a sealed glass tube A, is placed 
inside the hiass tube B, which can he connected to a battery of 
cells and forms one plate of the ionization chamber The 



insulated plate C takes the form of a cylinder concenlric with B, 
and IS connected m the usual way to an electiometer. The 
whole IS smrouiided liy a metal chamber D which is eaithed and 
serves to screen 0 from electrostatic disturbances If D is made 
pcifectlv air-tight, changes m the current owing to fluctuations 
m the temperatuie and pressure of the atmosphere aie avoided 
The a-iays due to the emanation ilseK arc of course completely 
absorbed by the glass tube A and the metal tube B The current 
IS due to the jS- and y-rays fiom the i adio-active decomposition 
products of the emanation. Aftei a few hours these' decay with 
the peiiod of the emanation 

In this way the radio-active constant of the emanation was 
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found to bo 0 ]80i (day)"^ or 2 086 / I0““ (sec.)“^ EutKerf oj rl 
bv a ddleient method obtained a value 0 1802 (day)~^ The 
value of A may thus be legavded as known to appioximately 
one part in a tliouband. It corresponds to a half value period 
of 3 85 days 

131. Rate of escape of the emanation The rate of 
production of the emanation is simply proportional to the 
quantity of ladium picseiit It follows the usual radio-active 
lawS; ’and is independent of conditjon.s The rate at which the 
onianation escapes fi om the radium is, however, quite a difterent 
matter and depends veiy laigely on conditions If the com- 
pound js .solid the greatei part of the eniaiiation is occluded by 
it. The amount occluded depends on the nature of the salt, 
and the area ol it which is exposed to the air A coiisideiablc 
Iraction oJ the emanation escapes Iroin a thin layer, iiiuch less 
fioni a tliick one The bulk ol the occluded emanation is given 
oft if the salt is dissolved, especially if an is bubbled through 
the solution The rate ol escape is also much increased by 
raising the teniperatui e. The rate of escape of the emanation 
can be increased foity tunes by raising the temperature fiorn 
— 80° to 800° C The rate of production is, however, constant 
thioiighout the range, the drfieience hciirg that at the low 
temperatures the emanation disintegrates within the substance, 
while in the latter it is given oli into the space above the radium 
befoie disintegrating Similar results are obtained with thorium 
and thorium emanation. 

132. Measurement of the volume of the emanation in 
equilibrium with one gram of radium. The quantity of 
emanation in ladio-active equilibiiirm with one gram of radium 
is by the laws of radio-active change a definite amount It is 
teimed a cuue Since the curie is a somewhat large standard 
compared with the amounts of emanation generally available 
for experimeiiLal purposes one-thousandth pait of this is taken 
as a subsidiary standard and is known as the milhcune The 
value of the curie can he estimated from the radio-activc 
constants It has been found by the method of § 103 that one 
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gram of pure radium (free from its products) emits 3 4 x 10^® 
a-paiticles per second As each atom of radium disintegrates 
into one atom of emanation with the expulsion of one u-particle 
this IS also the number of eiiianatioii atoms formed per second. 
But the number present when ecpiilibiium is reached is e'lual 
to qjX where q is the late offoimatioii of the atoms, and A the 
ladio-active constant of the emanation The total number of 
atom.s of einaiialion iii eiiiiilibnum with one gram of ladiiim is 
thus 3.4 X 086 X 10-8 = 1 03 X 10“ 

Since there aie 2 78 x 10 “ molecules m one e c of gas at nniinal 
temperatme and picssuie the volume occupied by one cmie of 
emanalion under ilicse conditions is 

163- IO“/2 78' J0“r c ^ 0 60 cubic mm 
Tills value lin.s licoii coniirmed hy dii'oot oxperiineiii, the purified 
eimunitnm liom a known weight of radium being passed into 
a cahbiated lapillaij’ tube The obscivcd value agreed closely 
with that calculated, again aftoidiiig fuithcr proof of the 
con cctness of the principles involved 

133. The active deposit from radium emanation. II a 
plate 01 wiic of any kind is exposed to ladium emanation for 
n few horns and then withdiawn it is found to have become 
ladio-active, the more concentrated the emanation the greater 
the activity This phenomenon was at fii st desciibod as induced 
or excited activity It is now known to he duo to the deposition 
on the Buiface of the substance of a ladio-active product duo to 
the decomposition of the emanation 

If the wire is allow cd to remain m the emanation sufficiently 
long to attain eijuilibiium the amount of the activity is inde- 
pendent of the position 01 niatoiial of the plate, and is strictly 
proporlioiial to the amount of cniaiiation present. It is also 
diiectly pioportional to the area oi the suifacc exposed 

A cunous pioperly oi the excited activity is that it can lie 
concentrated on a veiy small area if the lattei is chaiged 
negatively Thus li a wiie B (Fig 103) is passed into a metal 
chamber A coiitaimng a ladium compound, and charged to a 
high potential, the activity when the charge on the wire is 
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negative is as much as 200 times its activity when positively 
charged In this way practically the whole of this “excited” 
activity can he concentrated on the wire, which may be made 
to have an activity per unit area of over 10,000 times that of 
the suiface of the radium itself. 

Since the 'activity is concentrated on the negative electrode 
the earners of the activity must have a positive charge. Since 
the active deposit is formed fiom the emanation by the emission 
of a positive particle eariyiiig two electromo charges we should 
have’ expected the residual atom to have been negatively 
charged We know, however, that the impact of a positive 
particle on matter gives rise to a number of slow-moving 
electrons, or 8-rays as they have been called It seems evident. 



therefore, that the escape of a positive ray from an atom must 
also be attended by an emission of negative cleetiicity, probably 
in the form of these slow-moving elections Since the residual 
atom has a positive chaige it is evident that at least thiec 
such electrons must be expelled with each positive particle 
These positively chaiged carriers move under the electric 
field in the same way as the ions in a gas, and similaily lose 
their chaiges owing to lecombination with the negative ions 
in the gas Thus if the potential of the negatno electrode is 
giadiially increased the activity on the electiode mcrea.scs in 
almost exactly the same way as the current thiongh an ionized 
gas, the activity reaching a constant maximum when the field 
is sufficiently large to convey all the earners to the negative 
electiode before any appreciable recombination has taken place. 
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The velocity of the caiiieis m an electric field can be measured 
by methods analogous to those used to determine the mobilities 
oi the ions Their velocity in a field of one volt per cm is 
about M cm per sec. oi veiy nearly that of the positive ion 
in a gas. There is some ovidcnee foi the assumption that they 
carry a single negative charge. f 

134. Recoil atoms The a-particle is expelled fiom the 
emanation atom with considerahlc velocitj'^ The residual 
atom itself must thus be projected in the opposite direction 
with a velocity uhich is given by the consideiation that the 
momentum of the system as a whole must he zeio Since the 
mass of the a-purliclo is I, and that ot the lesidual atom 
(222 — i), the \olocitv of tlm iccoil alom mil he 4/213 or about 
1/55 of that ol the coiieBjumding n-pai title These recoil atoms 
as they me leimed aie luouglit to le.st m passing through a 
gas m exactly tlie same \\a}' as the te-pai tides Owing to then 
much .smaller velocity, howovei, ilicu range is considerably less 

Owing to tlic high kinetic eneigy of the recoil atoms the 
electric field has little eflect upon them until they have been 
reduced to rest by the sinroimdmg gas They then behave as 
ordinary charged ions and are dispatched to the negative 
electiode Hence if the pressure m the vessel is reduced so low 
that the recoil atoms can icach the walls of the vessel before 
coining to rest the distribution of the activity will bo unin- 
fluenced by an electiic field, the cathode having no larger 
share ot the activity than the rest ot the chamber, and the 
activity IS then umfoimly distributed This has been shewn to 
lie the case exjierimentally, the piessiire at which it occurs in 
ordmaiy sized vessels being of the mdei of 1 mm The range 
of the lecoil atoms, as of the a-pai tides, is directly proportional 
(o the piessiue of the gas Thus the range of the recoil atoms 
can he deduced liy the method described m § 104. It is found 
to be about 0 12 mm iii au' at atmospheric piessiire and about 
0 7 mm in hydrogen The velocity of the lecoiI atoms has been 
mensuied dncclly, and found to he m good agreement with 
that deduced Irom a consideration oi the range, and with that 
to be expected fiom the theory of their oiigm stated above 
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135 Analysis of the active deposit of rapid change 
A body which lias been exposed to radium emanation is found 
after removal fiom tlie emanation to give out all tluee kinds of 
ladiations The activity is comparatively short-lived and 
aliuoal coui])letoIy disappeais within 2d hours after withdiawal 
from the emanatioii Thei e is, however, always a small residual 
activity which if tlie body has been exposed to emanation for 
several days may reach as much as oiie-milhonth of the initial 
activity, and the activity of this portion is found to increase 
steadily ivith lime over the space ol several years 
We may thei eture for convenience dnnde the excited activity 
into two paits, (1) the active dejiosit of rapid change, (2) the 
active deposit of slow change Since the activity of the lattei 
IS in general mninto compared with that of the formci, we may 
neglect the small residual ehocts due to it in our analysis ol tlie 
short-lived deposit 

For expeiiincntal purposes it is convenient to olitaui the 
deposit on a uuo or thin lod. This may be done in the appaiatus 
shewn in Fig 103 The central wire B is laised to a high 
negative potential, and radium emanation is passed into the 
appaiatus. The bulk of the active deposit collects on the nega- 
tive wire A. If the activity is to he measured by the ce-ravs the 
lod may then be made the ceiitial electrode of a cyhndncal 
loin/ation cliambei, the satiuation ciuicnt being measured by 
an electiometer in the usual way If y8- oi y-rays are to be used 
to ineasmo the activity a simple olcctioscope of the type 
described in § 120 (Fig 97) is convenient If ^-rays aic to bo 
employed the opening of the olcctioscope is coveied with only 
sulHcient thickness of ahmumum foil to absorb all the «-rays 
If only y-rays aie to be dealt with the electroscope may be 
placed on a sheet of lead some half centimetre in thickness, 
which will cut oft every thing except the y-iays 
The shape of the decay curves depends on whether the a- or 
the /3-iays are used for the measurement, and also on the tune 
oi exposure of the wiie to the emanation The active deposit 
CO naisis there! o re of a mixture of radio-active substances, all in the 
solid state, some emitting ts-rays, and some and y-rays only 
The decay curve obtained after a short exposure of the wire 
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to the emanation, and measined hy the a-ray activity, is shewn 
in Pig 10 1 It will bo seen to be divisible into tliiee parts. 
Tlio first stage shews a lapid decay falling to some 10 poi cent, 
of its initial value m 15 iiimiites Thi.s is followed by a period 
of some 20 minutes m which theio is little variation m the 
activity 'riien a giadual exponential deciease '"follows, the 
curve billing to halt value in about 28 minutes 
Since the exposiue w'as short the initial substance consisted 
almost entiiely ol the first decomposition product of the 



Pig 104 Dfcaji- of oxoited activity, a ray ouiVQ 

oinanation which we will call ladiuin A An analysis of the 
first part of the decay curve shew's that this substance emits 
a-parlicles and decays to half value in about tlnee minutes, 
giving rise to a product which emits «-iays and decays with a 
half value peiiod of 28 minutes. 

Furthei evidence on the nature of the changes can be obtained 
fiou! a study of the j8-ray turves The ^-ray curves for shoit 
and long exposiiies aie sliewm m the curves of Pig. 105 The 
curve lor a shoit exposure of one minute shervs that the /3'ray 
activity IS initially absent, and that therefore radium A emits 
only a-iays. If, however, the product emitting the jS-rays was 
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the immediate pioduct of the decomposition of the radium A, 
tlio cuive for the use of activity of the product should 

be (iieolecting the decay of the latter) complementary to the 
decay cuivc ol ladium A, that is, it should rise to half value in 
about three minutes As a matter of fact the rise to half value 
occupies ratlier more tlian ten minutes and a substitution of the 
numoiical values in the foimulae shews that this discrepancy 
cannot be explained by the small decay of the j8-ray product 
in that interval of time We aie thus led to the conclusion that 
there is between the radium A and the j8-ray pioduct anothei 
radio-active substance which we will term ladium B, which 
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Without itself emittino ionizing lays gives use to tlie product 
ladiiim C which does 

The penod of the two pioducts radium B and C can best be 
obtained from a study of the curves obtained for the /3-ray 
activity with long exposure In this case the three pioducts 
Will he lu radio-active etpnlibrnim, and the i dative amount of the 
short-lived ladium Awill consequently he very small. Moieover 
as It has a shoit period it will rapidly cease to affect the shape 
of the decay cuives The whole of the radium A (except one 
per cent ) is, in fact, disintegrated within twenty minutes after 
removal from the emanation and the curve is then due solely to 
ladium B and C, 
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Now it IS found that this ciii\e cau lie accurately expressed 
!)y ail einpmoal foruiiila of the fouu 

I)c-^' (117) 

whoie (I IS a luimeiical constant and Ag and Aj have the values 
G'38 X and 4 13 l()-‘(sec )-^ respectively. It will be seen 

tliat tlio second ot these gives a half vultic period of 28 minutes, 
the other a hall value penod ol about 20 minutes 

Now we have already seen that the final latc of decay ^will 
he governed by the decay of the substance ol longest period, 
irre.spective ol its position in the chain ol decomposition, 
ifence we cannot inimeduilely infer to which of the substances 
11 nr {! the two constants lejer 

fortunately, however, it is possible to sejiarate the two 
pioduels 11 Ihe vne is heated to a teuipcTatiuc of some 
000" 0. sniioimded by a cooled outer cylinder it is foniul 
that the activity can be .se])aratcd into two parts, one part 
icuiaining on the wire nliile the othei pait is volatilized and 
condenses on the cool ontei cylinder. The poition leniainiiig 
on the wiie emits a-radiation and /3-radiation, the activity in 
each case falling to half value in 19 5 minutes. The other 
poition IS initiallv inactive but gvadnallj' begins to omit both 
a- and jS-iays conesponding to those of the substance left 
behind on the iviie The shorter period thciefore coiiesponds 
with the final product, radium 0, which emits both a- and /3-rays, 
while the longer peiiod 26 8 minutes is that ol the radium B 
which without eraitling radiations is the cbiect parent of the 
radium C and the immediate product of the decomposition ol 
ladium A 

The senes of changes with which we are dealing can thus he 
rejn'usented by the following chain 

a a. Slow 5 a. 

/ f / Uy 

Q ^ (~\ Frodad, of 

-p , u ^ Slow Decay 

hTnmudioji FadmmA. BadamoB, RadminC 
3 85days. Smav, ZdSnvuv, 19 8miih ^period/- 
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It lias lieen found that the change from radmm B to radium 
C! IS not ontiielv laylcss A (j[uantity of slowly-moving j8-pai- 
t iclcs compai able with the 8-ra} s aie given oil These, howevei, 
have so little penetrating powei that they are completely 
absorbed in the thickness of aluminium necessaiy to cut oft 
the iz-rays "’Undei tlie conditions under which the /S-ray curves 
are geneially measuied they are therefore unable to enter the 
ionization chamber and hence exeicise no effect on the shape 
of the cuives tor the j8-ray activity It is possible that all the 
changes dosciibed as rayless are really of this nature 

The theoietical shape of the various decay curves can be 
deduced from equations similar to those in § 126 since the 
various ladio-active constants aic known 

In order to test the adequacy of the disintegration thcoiy 
the theoietical decay ciiivcs for the cases we have ]ust been 
considering have Iieen drawn by Rutherford, and compai ed 
with the decay ciiives obtained hj^ actual experiment The 
agieenient of the two sets of curves was most satisfactory, 
the diBciepancy being in general no moie than one per cent 
The theory of radio-active disintegration contained in the 
propositions in § 125 is thus completely adequate to explain 
even such complicated cases of radio-active change as those 
we have been discussing. 

136 Separation of the products by the method of 
“ recoil.” Complex nature of radium C Although the 
analysis of the ladio-active piodnct of shoit period was made 
in the manner explained above we have now a more powerful 
means oi separating the various pioducts of radio-active 
change This can be done by making use of the “recoil” atoms 
already desciibed We have seen that the atom of radium A 
produced by the decomposition of radmm emanation starts 
life with a velocity which will enable it to travel acioss several 
centimeties of gas at a sufficiently low piessure The same 
consideiations apply also to the atoms formed by the decomposi- 
tion of ladium A and indeed to any atoms whose formation is 
attended by the expulsion of an a-paiticle Thus if we place 
the wire or plate carrying the induced activity in a vacuum at 
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a shoit distance from anotliei mactive plate, the atoms of 
radium B formed bj'^ the decomposition of radium A will in 
many cases be shot across the inteivemno space, and collect 
on the inactive plate In this way ladiuin B of consideiable 
purity can be obtained, since the atoms of ladium C, which are 
formed from radium B with the emission of slowly moving 
^-particles only, have no appreciable velocity The radium C 
thus remains on the active plate The individual piopeities 
of the sepal ate substances can thus be studied 

An application of tins method to the case of ladium G has 
led to interesting results Most ladio-active atoms disintegrate 
with the emission of eithei a-iaj's oi and y-iays but not both 
Kadnim C, as we have noted, gives all three types. Pure radium 
C cun be obtained fiom the radio-active deposit of radium 
emanation hv dissolving it m acid, and suspending a nickel 
plate ni the solution The ladium V is deposited on the plate, 
kuiMiig the radium B m solution It must he remembered that 
eaeli ladio-activc juoduct is an element with definite cliemical 
properties, and dilTers Jiom ordinary elements only in its 
instability The vaiious products can thus be separated liy 
the usual methods of chemical analysis If tlie nickel jdatc 
healing the radium C is placed nr vacuo near a negative!} 
charged disk recoil atoms from the ladiiim 0 collect on the disk, 
which thus becomes radio-active. It is found, however, that the 
properties of the radio-active substance thus collected are quite 
distinct fiom those of tlic iioimal product of the disintegration 
of ladiiim 0 (nJncli is known as ladmiu D) Tlius it has a half 
value peiiod of 1 38 minutes as against IG yea is for radium D 
This new substance which has been called ladium Cj gives out 
only (8- and y-rays ot the same quality as those of radium 0. 
I’uither, it does not give rise to radium D on disintegration 
IVe liave heie a case (the fiist one actually observed although 
otliers have now lieen recoided) in which a branch occurs in 
the radio-active chain Badium C splits up in two different 
ways, the noimal dismtegiation gives use to radium D and its 
products 111 the normal line of descent, hut a ceitam fraction 
of the atoms (about 1 iii 0000) break rrp in a different way 
giving rise to tins new product, radium Cg, the disintegration 
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product of whict is not radio-active and is pi obably lead (§ 142) 
Tlieso exceptions to tbe usual rule are of great inteicst, as they 
may possibly throw some light on the mysteiious question of 
the oiigin of radio-active change 

137 The'' radio-active product of slow change As we 
have seen, radium C normally breaks up with the expulsion of 
an a-particle into a product radium D Radium D marks a 
period of comparative quiescence in the ladio-active decay, 
its half value period being about 16 5 years Owing to its long 
period it is piesent in minute but appreciable quantities in 
ores containing radium from -which it can be separated by the 
chemical processes used for the separation of lead, to which 
metal indeed it hears so close a resemblance that no chemical 
tost has yet been devised [or distinguishing between them 
Radium D gives out iieithei a- iioi ;S-rays of the oidinary type 
It has, howevei, been shewn to give off very slow |8-rays (or 
8-rays) of the tjqre given oil by radium B 

The succeeding product, radium E, gives of /3- and y-rays 
and has a period of five days The i elation between radium D 
and its immediate product is thus the same as that for uranium 
and uranium X, and the decay and recovery curves follow the 
same laws Thus in freshly prepared radium D the jS-ray 
activity uses according to equation (106) to a maximum which 
owing to the slow decay of radium D remains sensibly constant 
for a considerable time 

Radium E, the product of the decay of radium E, emits a-iays 
and decays to half value in 136 days Its late of decay and 
the lange of its a-particles identify it with the substance 
polonium, the first ladio-active substance actually isolated 
from pitchblende The product of the disintegration of polonium 
IS apparently not radio-active, no tiaco of any radiations being 
obseived after the a-ray activity of the polonium has disap- 
peai ed The final product of the chain has with much probability 
been identified with lead 

The period of radium I) is too long to be determined by 
direct measuiements It can, however, be deduced by indirect 
methods which form an interesting illustiation of the principles 
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we have been discnsKtng. Sujtpose we commence with a definite 
quantity ol emanation, say, one milhcuue. The numbei of atoms 
of emanation pios«nt is then known Iroiii the detoi in i nation oJ 
the cm le already diseushcd 1?>2) JjetitbeiV^ The mirabei of 
atoms of emanation breaking uji per second at the begmmng of 
the cxpeunient is thevefoic AjiV, where Aj is the radio-active 
constant ol the emanation This will ho the number of a-particlcs 
iq , emitted per second by the emanation present, a quantity 
winch c can deteimme by the method already described (§ 10,S) 

The emanation is then allowed to decay for a month' or so 
at the end of which time it is piaetically all in the form of 
radium D. The number ot atoms of ladinm D present is thus 
the same as the number of atoms of emanation with which we 
staitcd, that is N, and the nunihei bieaking up per second is 
tlierelore X^N wheie A, is the radio-actn c constant oi radium D. 
Now radium D itsclt emits no «-p<xiticles As, however, the 
licriod ot radium i) is long compared with that of its pioducts 
B and B, the latter mil be in ladio-activo equilibiium with it 
and hence the mimlicr ol ladium F particles breaking up per 
second will be the same as the lumibei of radium D atoms 
dismtegiatiiig in the same lime, that is But this is the 
number ot «-paiticlcs emitted pei second by the mixture of 
ladiiim D, E, and F in our tube, since D and E give no o-i adia- 
tion. Hence 

from which no can delerimiie Aj since all the other quantities 
me Icnowii. The value ot Aj is found to be 0 042 (year) 
eonespondiiig to a half value peiiod of 16 5 years 

138 The radio-aotmty of thorinm and actinium The 
elpinent tboiinni is radio-active and gives use to a chain of 
radio-active pioducts in the same way as uramuin gives use 
to the radium chain The disintegration pxocess can be studied 
in detail by the methods alieady discussed, and involves no new 
})nnciples The lesnlts are sufficiently summarized m Table XI 
For further details Butheifoid’s Badta-acUve SuhsUmces and 
thei-) Radiaiionb may be consulted. 
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A new element, actinium, also gives a ladio-active chain ol 
pi oducts. 


Table X 

Uranmra-Eadmm senes 


SuBSTxnon 

Radio-active 
constant X 
in (sec )"i 

Half value 
penod 

Radiations 

emitted 

0 paiticlea 
m a-irin cm. 

Uiaruuiu 1 

1 3 X 10->® 

5 X 10" yeais 

a 

2 37 

1 Uianium Y 

0 -I X 10-« 

1 5 days 

jS (slow) 

- 

Uranium Xj 

3 3 X 10-’ 

24 0 days 

p (slow) 

- 

Uranium Xj 

1 0 - 10-2 

1 15 mill 

/3 

- 

Uiamum 2 

1 V lo-n 

2xl0»}eais 

a 

2 75 

Ionium 

1 X 10-“ 

2 X 10" yeais 

a 

2 85 

Radium 

1 30 X 10-“ 

1730 yeais 


3 13 

Radium emanation 

2 083 X 10-» 

3 85 d,iys 

a 

3 94 

Rndiuin A 

3 86 X 10-2 

3 0 mm 

a 

4 60 

Radium B 

i 33x10-* 

2() 7 mm 

(3 (slow) 

- 

Radium C" 

eosxio-* 

10 5 mm 

fi 

- 

1 Radium Oj 

8 3x10-2 

1 4 mm 

fi 

_ 

Radium 

- 

lO-" sec 

a 

0 57 

Radium D 

7 3 X 10-» 

1 6 0 years 

fi (slow) 

- 

Radium I? 

1 

1 13 X 10-» 

6 0 days 

fi (slow) 

- 

Radium F 
{Polonium) 

6 00 X 10-» 

13C days 

a 

3 68 


- 

- 

- 

- 


* The pioduclion of ladmrn Cj fiom raditnn C is attended by the oicpnlsion 
of a /I paiticle only The expulsion of an a-particle ftom lachum C piodueea 
radium Cj As this a particle gives use to the bianoh aeries only, it is omitted 
fi oin the table to avoid confusion 

It may be noted that very careful analysis has shewn that 
the disintegration of uranium is considerably more complex 
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Table XI 

Thoiium aud Artuimm Henes 


Suns'i' vNCL 

Thoiuim 

Jlebothnriuin 1 

Mesothoinuu 2 

Radiothuimm 

'I'hniinm X 

Thomiin omanalniu 

Tlmnimi A 

Thoinmi 1! 

*Thiiiium f 
l^’lioimm I’j 

Thoiniin C, I 
\ I 

JjCtUl 

Rdilin aclix e 
eonst.int A 

12 10J'< 

4 f) 10- ” 

'll 10-'^’ 

101)> lO-o 

2 20 lO-" 

1 28 10-= 

1 S 10- ' 

1 <1 10- > 

.1 7 Kr' 

7 10‘'> 

Half value 
pel 10(1 

1 8 10“yoais 

15 7 j 1 ais 

2‘0 yoiirb 

.1 (i 1 (lays 

54 see 

II 1 1 S( ( 

10 0 Iioiiis 

(lO uumiles 

.1 1 iiiinules 

l()-“ RCC, 

Radiations 

emitted 

P 

/I (slim ) 

Range oj 
a paitioloE. 
ill an 111 eni 

3 fi7 

4 OS 

4 74 

C 40 

4 00 

5 16 

Diamuiu A 

1 

o lx to-' 

1 7 da js 

/3(sl0ii) 

_ 

Ptoto-.uliiiiaiii 


Do 000 yiais 

« 

- 

V( Iniiuin 

- 

.KMeais 

/J 

- 

II uliiiacliminn 

1 1 Kr? 

lOadiMs 

a 

4 30 

\i (imam X 

7(1 I0-? 

11 lilays 

a 

<1 17 

Vi'liiiiiiin (‘in in.itiiiii 

1 S 10 1 

.‘1 <1 a-e 

a 

0 40 

\( tiniiiiii A 

S-,0 

002 see 

a 

0 10 

Uliiiuiml! 

2 - 10- ' 

10 1 mm 

fl(sloy) 

- 

'Adiiijinii C 

5 :17 Ur > 

2 lo mm 

afi 

0 12 

I^Vitimiiin 

- 


13 

- 

\iliniiiin C\ 1 
\eatl 

2 20,10-' 

4 71 mm 

a 



" Till' ti.nisfounutioii is atlendpcl liy the expulsion of a /3,paiticle only, 

that from liy the oxpiilsioii ot an o jiaUitle 




RACIUM AND ITS PRODUCTS 270 

than we have descnbed in the previous chapter. Uranium in 
fact contains two ladio-active substances which can be difleien- 
tiated by a slight difference in range of the a-particles which 
they emit The disintegiation of uranium 1 has been found to 
be complex, a small quantity of a new product, uranium Y, 
being foinied, in addition to the uianiuin X There is thus a 
blanching of the chain at uranium resembhng that already 
described foi radium 0 This biaiich senes has been shewn to 
give use to the element actinium, one other radio -active 
substance (proto-actimum) of long, but as yet undetermined, 
peiiod mtervenmg The relationship is sufficiently indicated 
m Table XI 

139 Position of the radio-active elements in the 
Periodic Table The influx of the laige number of new ele- 
ments tabulated in the pi ecedmg section seemed Idcoly seiiously 
to overload the coirespondiiig portion of the table of the 
pei iodic classiflcatioii of the elements and the exact relation of 
the new elements to each other and to the non-iadio-active 
elements ol similar atomic weight gave use to much discussion 
Since an a-paiticle has been shewn to be an atom of helium, the 
emission of an a-partielc obviously produces a new atom with 
an atomic weight of foui units less than that of the atom from 
which it was ioinied On the othci hand, the emission of a 
;8-paiLiclo makes no sensible change in the atomic weight Thus 
uianium 1 with an atomic weight oi 238 loses an a-paiticle and 
changes into iiiaiuiim X^ which must thus have an atomic 
weight 231 The emission ol a jS-paitiele leaves the atoimc weight 
unchanged so that 23-1 is also the atomic weight oi both uranium 
Xg and luanuim 2 Similaily, the atomic weight of ionium must 
be 230, that of ladium 226, and that of ladiuni emanation 222 
The two last results have, as we have seen, been veiified by 
direct determination, thus proving the accuracy of the leasonmg 
adopted The hiial product of the uranium and actinium senes 
should thus have an atoimc weight of 20G in each case, and that 
of the thoiinm senes an atomic weight of 204 We have thus 
some 35 new elements to ariange in the nine spaces which occur 
in the periodic table between lead and uianium 


[8—2 
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Fiom a study of so much of tlie chemical lichaviour of the 
ladio-active elements as could be observed, Soddy suggested 
that the emission of an a-paiticle by a ladio-activc element pio- 
duced a new element whose position in tlie table was two spaces 
to the left of that ol the element from which it was formed The 
omission of a ^-particle moved the position of the mew element 
one space to the iiglit Thus the emission of an a-paiticle by 
uiamuin 1, which is placed m group VI of the periodic table, 
produces a new element nramura which should be placed in 
group IV of the table Uranium Xg, formed from uranium X^ 
by the emission of a ^-paiticle only, would then occupy a 
position in group V, although its atomic weight is identical 
with that of iiiamum X^, and similarly uranium 2, also of the 
same atomic weight, is placcil m group VI in tlie same space in 
the table as the oiigmal uiamuiu 1, though tliOeung fiom tlic 
lattoi in atomic weight bv Imii units Tlic J.iit that uiaiuum 1 
and uraniiun 2 are insepaialik* by anv chemical pioccss gives 
V eight to the assumptions 

Similaily it is lound lliat the throe radio-active emanations 
occuiiy the same space m the table, in the gioup of the incit 
gases, to which they ob\ lously holoiig 

Substances occupying the same space in the pei iodic table, 
and thus inesumablv having identical chemical piopoities, 
though dilleiiug lu their mode of dismtegiatiou and atomic 
weight, were called isolofcs The later discoveiy of Aston (§ 58) 
that many of tlie oidinaij' ‘'piiic” chemical elements wcie in 
reality mixtuies of two oi moic substances of diftoreiit atomic 
M eight has placed the coirectncss of Sodd>’s suggestion beyond 
dispute Rutheifoid’b theoiy of the atomic nucleus (§ 1-17) 
a/lords, as ne shall see, a complete theoietical explanation of 
the effects. 

The appended table shews Soddy’s classification fui the whole 
of the elements m the ui'amiim-iadium seiics, and the initial 
portion of the aclimum senes as fai as actinium emanation To 
avoid confusion the latter poition ol the actinium series, and the 
uholc ol the thoiium senes, have been omitted. 







CHAPTER XV 


SOME PROBLEMS IN RADIO-ACTIVITY 

140. Uranitmi and the origin of radium. That the origin 
ol radium was to he iouiid in uranium was long suspected 
It IS obvious that since radium decays to halt value in less than 
2000 years it would no longer exist on the caith at the present 
day unless it were being continually tormed Irom some more 
stable substance The constant association of ladium with 
uranium oies and the ladio-activity of the latici element 
naturally led to the supposition that ladnim was foiincd by 
the dismtegialion ol the uranium atom 

The ohseued constancy of the latio of the radium to the 
uianium in luamum oies of veiv vanecl c<mipo.sition strongly 
suppoitcd tins asKuiuxition The constant v oi the ratio is, indeed, 
voiy leniuihuble, the onh exceptions licmg in the case of 
mineials which aie know ii fioiii geological ei ideiice to have been 
comparatn ely leceiit deposits (iti which case ladio-aotive equili- 
biium will not have been established) oi to have boon sulijected 
to the action of water oi other disintegrating circumstances 
"While tins jiroics that ladnmi is a member of the nianium 
disintegration senes it does not follow that it is the direct 
pioduct ol the dccompositiou ol uiaiiumi X In fact it is quite 
easy to .shew that this is not the case The transformation 
constant of uiamumis 4 3 x secs ox 1 4 x years 

As an atom of mamiitn of atomic weight 238 pioduces one of 
ladium with an atomic weight 226, the total weight of rarliiun 
formed m one yeai from a kilogiam of pme luvinmm .should, 
if the nraimira changes directly into radmra, bo 
1000 X (1 4 X lO'iO) X 22G/238 

or 1-3 ' 10~^ gm This could be detected with ease In lact 
even one-thousandth pait oi this could be detected with some 
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ceitamty. On making the experiments it was found that com- 
mencing with puie uranium (fiee from all its ladio-active 
products) the late of production of radium was certamly less 
than one-thousaiidth part of what would be expected if uranium 
X changed directly into radium There must therefore be some 
product of long period intermediate between these two mem- 
bers of the chain 

Two intermediate substances have now been isolated One is 
known as ionium It has a period which is estimated at about 
2 X 10“ years, and gives ofl. a-pai tides of eompai atively small 
range It is chemically similar to thorium, but differs from it 
111 the range of the a-pai tides and in its radio-active constant 
The pioduction of radium in solutions of ionium has been 
observed The othoi is known as Uranium 2, and has a period 
ol 2 X 10“ years 

141 Production of helium from uranium Geological 
age Bmcc each a-paiticle is an atom ol helirim, helium must be 
111 process of formation iii all iiiiiiercils contaimiig uranium 
The number oJ «-paitidoB given out by one gram of uranium 
ni ot|uilibiium with all its )iioducts lias heeii found to be 
9*7 X 10'^ pel second The nuiiibei ol atoms of helium formed per 
annum by one gram of uramum is thus 

(9-7 X IQi) X 60 X 60 X 24 x 365 
01 taking Avogadio’s constant as 2’7 x 10^** molecules per c c , 
about 11 X 10“® cubic mm The direct measurement of the i ate 
at which helmm is pi odiiced in uranium ores is in fan agreement 
with this estimate 

I’hus if we can assume that the helium produced is all 
occluded by the mineral, the ratio of the helium to the uranium 
present affords us a method of estimating the ago of the mineral 
The results are found to he qualitatively consistent with the 
ages suggested by geological consideiafioiis, that is to say, the 
looks of oldei formations give a higher latio of helium to 
uranium tliaii those of more recent formation Strutt, to 
whom most of our information is due, estimates the age of the 
oligoceue rocks as eight inilhon years, and the ages of the 
eocene, carbonifei oiis, and archaean periods as respectively 
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31, 150 and 700 million years. Since there is always the possi- 
bility ol a certain loss ot helium Iroin the rocks by diilusion 
into the an, those aie obviously miiiiiuuiu estaiiates. 

142 The end-product of the uranium chain. Polotiium 
IS tlie last 1 adio-active inembei of the luaniutn-iacliuni series 
Aftei the decay of the poloiiiuui no lo.sidual activity of any 
kind has been discovered As we have seen the atomic weight 
of tho final inoduct should be about 200, appiovimately that 
of lead (207) 1 f this is so, there should be some definite constant 
ratio between the auiount of lead present in a maiiiuin ore 
and the quantity of helium also jiroseut. For the lonnation 
of one atom of lead liy the disintegration ol an atom ol iiranmni 
IS attended with the cim.ssioii ol eight atoms of lieliiuii each 
of aloimc Height 1 lienee the m<i.s.s of load picsent should bo 
200/(8 \ 1) Ol 0 5 times that ot the lieluim picsent supposing 
both to be loimed b}' llie disintegration o) iiiamum 

The observed latio.s vaiv coii.sidcial)ly in difleient imneials 
This IS to be expected .'-nice m the hist place hchiiin may 
escape thioiigh diflusion tioin the nnncral, while in the second 
place load may luue lieeii ougiually pieseiit m the nnncral 
apart fioin its luaiiiuin content, as lead is a somewhat widely 
dilhised clement In geneial the ratio ot lead to helmin is about 
twice the calculated value Under the ciicumstanccs the agree- 
ment IS sufficiently satisfactory, and the production ot lead by the 
dismtegiation of uraniuru may beregaided as leasonably ceitain. 

Assuming lead to be also the last product of the thornun chain, 
Its atomic weight should be 232 - '24 or '208, since the disintegra- 
tion IS attended by the expulsion of si.x «-particle.s It is inter- 
esting to note that the atomic ii eight of the lead cxtiacted from 
radio-active minerals has now been determmed by purely 
chemical methods The "lead” bom uiaunim ores gives an 
atomic weiglit of 20G 1 , tliat from tlioiium ores of about 208, 
both agreeing closely with the values deduced born radio-active 
theory The atomic weight of “oidmary” lead falls between 
these two values The latter is, thorefoic, probably a mixture of 
the two isotopes 

The ratio of lead to uiamuin may theiefore be used as a 
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criterion of tlie age of tlie minerals. This will obviously give 
a huTiimum estimate In this way the age of the caibomfei ous 
roclis has been calculated as about 340 milhoii years, and of 
the archaean rocks as about 1300 million yeais Their true 
age probably lies between these values and those given by 
Stnitt fioin a study of the helium content 

143 The heating effect of radium. Since the various 
radiations from ladio-active substances are emitted with very 
high velocities it is evident that a radio-active substance is 
giving out energy at a very appreciable late If it is suriouiided 
by sufficient material to absorb all the radiations this eneigy 
will manifest itself eventuallj’ in the form of heat Thus radium, 
for example, is constantly producing heat and will maintain 
itself at an appi eciahly highei tcmiieratuio than its surioundings 

Ouiiig to thou lelatively large mass the bulk of the energy 
18 eai'i'icd by the a-rays The percentage of energy cained by 
the and y-iays is somewhat difficult to estimate exactly 
but IS ceitamly small The total number of ions formed m air 
by the complete absorption of the ;S-rays from a giam of radium 
IS estimated at 9 x 10“, and by the y-rays at 13 >< lO^i The 
number of ions produced by the a-iays fiom the same source 
IS 2-50 X 10^“ If we assume that these iiunibeis are approxi- 
mately proportional to the energy in the rays, these results 
shew that about 8 per cent, of the energy is associated with 
the and y-radiations 

The heating effect of the a-rays can be calculated from their 
known velocities Let n be the number of a-particles of velocity 
t emitted per second by each of the a-ray products present; 
n will be the same for each if equilibrium is established The 
total eneigy of the a-iays is thus where m is the mass 

of an a-particle To this \vc must add the energy of recoil of 
the vaiioiis lecoil atoms winch as we have seen is mJM of that 
of the coiiesponding y-particle, where M is the mass of the 
recoil atom flffins the total energy associated wuth the a-iadia- 
tion IS ] / 

In the case of radium m equilibiium with its short period 
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pi'oducts tins IS equal to 1 38 x 10® ergs per second, or about 
118 gram calories per hour If only the a-rays aic absorbecl'in 
the appaiatiis this should ho the rate of emission of heat by 
one gram of ladiiim in ecpnlibriimi with its short lived products. 
If the radium has been prepaicd for several years so that an 
appieciable amount of polonium is present the Heating effect 
of this must be added If the apparatus, as is usually the case, 
absoibs an appreciable percentage of the and’ y-xays the 
heating effect will be somewhat gi eater, if all the rays are 
absorbed it should be about 128 calories per hour 
The effect is thus quite measimable. The most sensitive form 
of appaiatiis for this purpose is that designed by Duane, 
following a suggestion of Oallendci’s It is shewn in Fig lOG 



The radio-active compound is placed in the bulb A of a sort 
of differential vapour piessiuc theimonioter, which is connected 
to a second similai bulb B Both bulbs contain a ■\mlatile liquid 
(ether, for example) hut are c.arefiilly fieed fiom an A short 
liquid index X in the connecting tube shews the equality of 
pre.ssiire in tlie two bulbs. 

Owing to the emission of heat by the compound in A the 
temperature in A would use and thus the vapour piessiire 
increase, As the vapour pressure of ether mcreases rapidly 
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witli terapeiature the instiument is very soiiBitive to tcmpera- 
tiup channes The heating effect is, howevei, counteracted by 
passing a ouiicnt in the proper direction through a junction 
of bisnintli and antimony This produces an absorption ol heat 
(Feltiei effect) which is propoitionaJ to the current and is 
known if the coefficient of the Peltier effect foi the two metals 
is known. By adjusting the current until the index remains 
stationary, the emission of heat by the compound is equal to 
the absorption of heat hy the junction and is thus known if 
the current is ineasiiied An emission ol heat of 0002 calorie 
per second can he detected with certainty The values obtained 
in this way vary between 120 and 132 calories per hour per gm , 
figures which agree sufficiently closely with the calculated values 
It has been found, using an appaiatus of this sort, that in the 
case of such a siibstaiico as lacliiuii emanation the i ate of emission 
of heat decays at the same latc as the substance itself We can 
thus calculate the Intal heat emitted by a radio-active siilistance 
duiing its life Taking the case of radium emanation, for 
example, it is found that one ciiiie of omanation gives out 
J09 calojies per hour The mass of one cuiie is G >< 10“® gm , 
and hence flic rate of emission of heat by the emanation is 
1-82 < Bff calorics per hour per gm But since the late of 
emission deci eases with the decay of the emanation we have 
H = 

wlipic H is the lato ol emission at the instant t Thus the total 
heat emitted by the emanation is 

>0 

Now A, the ladio-active constant ol the emanation, is 2 085 x 10“® 
pci .sec or -0075 per hour, and Bg has just been obtained 
Hence the total heat cmilted by a gram of emanation would 
be no less than 1 82 , 10*/ 0075, oi 2 dd x 10® calorics 

The foimation of one giam oi watci is attended with the 
liberation of about 3 8 x 10® calories oi heat. This is the most 
oneigefic reaction known to chemists It will ho seen thciefoio 
that the heat liberated m any chemical icactioii is infinitesimal 
compared with that produced by radio-active changes. 
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Tlie cliange also differs from cliemical action in the fact that 
it IS independent of temperature If a ([iiantity of radiiim 
enclosed in a tulie is loweicd into li(|uid liydiogen, tlie rate of 
heat emission can be calculated by measuring the rate at which 
the liquid hydiogen is evapoiated, the latent heat of liquid 
hydiogcn being known. The expeiiracnt was p*ei formed by 
Ciiiic and Dewar, and gave results comparable with the values 
obtained by other methods at ordinary temperafures Thus 
oven at the temperature of hqiud hydiogen, a tempeiatuie at 
which cA'en the most active chemical changes cease, the rate of 
emission of heathy the radio-active substance lomains unaltered 

This energy must be doiived from the inteinal energy of the 
atoms themselves. Since the ladio-active elements diffei in no 
way from non-active elements cxeejit lor then instability tlio 
amount of intia-atoimc encim rniLst. be voiy laigo Thus the 
em.ination mves out 2-Jl 10“’ calories in changing fiom an 
atomic, uoightiif 2J2 to one of 210 ivith the omission of tliree 
helium atom.s A.s the liiial jnoduct and the lielium atoms 
piesiiinahly also contain amounts of enoigy compaiable with 
that of the eman.ition atom, the total eiieigi m the atom must 
he exceedingly huge 

144 The range of the a-par tides and the period of 
decay A very iiiteiosting iclation has been discoreied by 
Geiger between the range of the ct-paiticles emitted by a ladio- 
active substance and its coefficient of transfoimation. If the 
logaiithm ol the ti.ni.sformatioii constant is plotted against 
the logarithm of the range of the a-pai tides emitted, the points 
for all the cli.sintog ration products of the uianuim chain are 
found to he on a single stiaight line The shoitei the trans- 
formation period the greater the range Thus the more 
unstable the atom the gi eater the velocity of the a-radiation 
A .similar lelatioii holds for the members of the thoiium senes 
The straight hue m this case is paiallel to that of tlie uianium 
cliain but is displaced slightly, the a-particles liom the thorium 
senes liemg ejected with rather higher velocities than those 
from products of similar jjciiod m the uranium chain 

This important result has not yet found an explanation It 
suggests that the chance of an atom dismlegratmg increases 
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witli tlic amount of energy whicli it can give out in foiming blie 
nevt member of the series Tins seems not impiobable on 
gcncial giouuds 

146 Radio-activity of ordinary matter The instances 
of radio-active cliangc which we have considered naturally 
provolied the question as to whether all elements might not bo 
radio-active ,to some extent. It was pointed out that every 
physical property as yet discovered in one element was possessed 
to a greater or smaller dcgiee by all othei elements Magnetism, 
foi example, provided an instance veiy much to the point 
As tested by rough experiments only iron, cobalt, and nickel 
possessed magnetic properties to a noticeable degree On 
making caicful examination by powerful methods it was, 
however, found that all substances bad some magnetic proper- 
ties, being either paia- or dia-magnctic 

The oxpenments were most conveniently carried out using an 
electroscope of the form shewn in Fig 1 By lining the walls 
with sheets of the various substances undci investigation, the 
amount of ionization produced in the presence of these different 
substances could be determined It was found, as wo have 
already mentioned, that there was always a certain amount of 
ionization in the gas of the electroscope, even in the absence of 
any recognized radio-active substance The amount of this 
ionization was found to depend on the nature of the lining 
Tins suggested that the souice of the ionization was some form 
of radiation proceeding from the lining of the vessel Campbell, 
after an exhaustive senes of experiments, came to the conclusion 
that all substances shewed feeble radio-active properties, emitting 
rays which weie charactenstic of the metal. 

The matter is an exceedingly difficult one to elucidate 
Radium in very minute cpiantities is exceedingly widely dis- 
tributed Most soils contain an appieciable quantity, and 
most natural waters can be shewn to be feebly radio-active 
from the dissolved salts of radium which they contain As 
radium emanation is a gas at oidmaiy temperatures it is always 
present in the air, iii amounts which can be nieasmcd by suitable 
means, and which vary from day to day in a somewhat inexplic- 
able manner 
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Tlie gas ill the vessel is thus subjected to the ionizing influence 
of tlie y-iays from the ladiiim iii the soil and its disiiitegratjon 
products in the atmospheie This can be paitly screened ofl 
by tlie use of lead blocks of considerable thickness By finding 
how the ionization iii the vessel decreases with the thickness 
of the SCI een, the residual ionization not due to these radiations 
can be calculated A much better plan has been used by 
McClenuaii, who lound that the waters of Lake Ontario weie 
suificiently deep to cut oil the whole of the y-radiation from 
the caith below them, while they themselves did not co-iitaiii 
sufficient radio-active niattei to cause any appreciable ionization 
111 the electioscope By making experiments ovei the lake 
he found that the nuniliei of ions foiined per second per cubic 
coiitiniotre of gas was i educed to I-S when the electroscope 
was of alninmiiiin and d when it was of In ass The difleience 
111 llio two rallies suggests that the small lesidnal eftect is duo 
to the metal of the cloctioscopc 
The ellcct is horverer so mmuto that it is difficult to decide 
wuth ceitamt}' A single a-paiticle from ladium produces nioie 
than 10'“ ions dm mg its path ot 3 cms The passage of a single 
«-paitiele through each cubic ecnUmetie of the gas, once every 
three horns, w oiild theieloie be sufficient to pi oduce the average 
ionization found under these circumstances. The quantity of 
ladio-active iinpinity in the metal necessary to produce an 
emission of this ordei is so minute that it is difficult to prove 
conclusively iliat the effect is not duo to this cause, and Ruther- 
ford alter a earelul sinvey of the lesults has come to the con- 
< lusioii that ordmaiy matter is not ladio-active On the other 
hand expeiimeufceis who have actually worked on the subject 
generally inchue to the view that theic is a lesidual efiect due 
to the actual radio-activitj'- of the elements themselves 
The survey of the subject has, however, led to the discovery 
of one more radio-active substance, namely potassium, wliicb 
IS found to emit yS-radiation of very much the same type as that 
from uranium The activity of a suiface of potassium salt 
IS quite appreciable, being in general about one per cent, of that 
of a surface of a salt of m'amum. Rubidium has also been found 
to possess a similar i adio-activity. Iii neither case is anything yet 
known as to the nature of the product, or theperiod ot the change , 
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THE ELECTRON THEORY OF MATTER 

146 The constitution of the atom The researches 
chiomcled in the preceding chapters have thrown considerable 
light on the obscure subject ol the nature o£ matter and the 
constitution of the atom Let us recapitulate, briefly, the 
informatioii which has actually been obtained on this important 
subject 

In the first case we have seen that matter of all kinds is 
capable of emitting electrons when subjected to suitable 
ionizing agents. Thus electrons are emitted from all kinds of 
matter under the influence of X-rays, or of ultra-violet light ol 
suitable wave length They are produced by the impact of the 
a- and ^-lays from ladio-active substances, oi by that of the 
charged gaseous ions They are present in large numbers in 
the discharge tube, and may be produced from any metal, 
merely by raising its temper atuie to a sufficiently high value. 
They are, therefore, present in all kinds of matter, and thus 
jiresiiinably form an integral part of the atom of every element. 

We have seen that the elections emitted from difterent 
substances and by difieieiit ionizing agents are identical, except 
111 velocity Each electron caiiics a negative charge of d*?? x ] 
e s.u , has a radius of the oidor of cm (assuming it to be 
spherical) and a mass of about 9 x IQ-^a gm Further, the mass 
ol the election has been shewn (§ 111) to be probably due to the 
charge upon it The mass of the electron is an iiisigiiiflcaiit 
part of the mass of the whole atom (about 1/1800 in the case 
of hydrogen) and its volume an infinitesimal fraction of the 
volume of the atom. 

Since the atom as a whole is neutral (except when ionized 
by the emission of an electron) it must contain a positive charge 
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ol magnitude iVe, where e is the electronic charge and N is the 
iiumbei of electrons in the atom 

The fact that the ti-jiailiclcs, which as we have seen aie atoms 
of helium, are able to penetrate appreciable thicknesses of 
solid, mateiial cliectivcly disposes of the hard or “solid” atom 
theory It is evident that these results can only be explained 
oil the assuiu])tioii that the atoms aie capable of mter-peiietia- 
tion to a very consideiable extent The modern view is that the 
atom consists merely ol electrons and positive electricity. 
While this may not be definitely established we may afiirm 
that none of our experiments have given any indication of the 
piesence of anything besides. 

Assunmig, then, that an atom consists ol electrons together 
with a coiresponduig i)o.sitive chaige it is easy to show that the 
latter nmst occupy a .space ol veiy small dimonsioiis The 
oxpeiimcnls ou llie projection of hydiogeii atoms by the impact 
of «-pai1iclcs (§ 107) bliow that the foimei is projected with a 
velocity about 1 C limes that ot the a-iiaiticle Assuming that 
the foice is due to the mutual lepulsioii ot the positive charges 
on the two pai tides it can he shewn that the ceiities of the two 
chaiges must ajipioach to within 3 x 10“^^ cm and that they 
behave as jiomt cliarges almost up to this distance In other 
woids the jiositive chaige on the hydrogen atom is confined 
to a nucleus the ladius of which is certainly less than cm , 
that IS, less than that of the negative electron 

The positive charge is never found associated with a mass 
less than that of an atom Thus the a-pai tides aie atoms of 
helium carii'iiig a charge 2e, ivhilc all the positive particles in 
a discharge tube (§ 5C) have masses ecjual to those of the 
atoms and molecules iii the tube In no case has a positive 
chaige been found associated wuth any paiticle of smaller mass 
than the hydrogen atom As the negative electrons form but 
an insignificant fi action of the mass of the atom it is dear that 
this mass must he associated with the positive charge, and so 
far all experiments have failed to obtain the positive charge 
dissociated from this mass It seems a reasonable mfeiouce 
that mass is a property of the positive charge 

Admitting then that the positive charge and the mass of the 
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atom IS couccutrated on a ccntial nucleus of small dimensions, 
as MiRgestcd by liutlieifoid, the chaige Ne on the nucleus can be 
calculated fiom ol)senations on the scalteiing of a-paiticles by 
the substance TJie recent expeiiments ol Chadwick on the sub- 
] ect (§ 1 07) may be taken as pioving that N is efpal to the atomic 
niimbei oi Lhd element to an accuiacy of at least 1 percent This 
conliims the suggestion, fust made by van der Broek, that the 
niimbei' of elhcti ons in the atom is equal to the atomic number 
of the element, Expeiiments on the scattering of X-rays (§ 87) 
and oh the scatteiiiig of j8-iays (§ 114) afford additional support 
to this conclusion, winch may now be regarded as definitely 
established The hydrogen atom, therefoie, consists of a nucleus 
bearing a single positive chaige, with one attendant negative 
electron 

We have seen that a particle carrying a charge e has an 
electromagnetic mass due to its charge and equal to | ^ where 

a IS the radius. Tins result has been confirmed in the case of 
the negative electrons It is clear from the formula that the 
electromagnetic mass is inveisel}" piopoitional to the ladius 
of the particle on which the electiicity is concentrated Thus if 
the positive nucleus caiiies the same chaige, e, as an election, 
its mass will bo equal to that of a hydrogen atom if w'e assume 
it to be concentiated on a sphere of radius 1/1800 of that of 
the electron, The fact that the radius of the positive nucleus 
of hj^drogon is at any rate less than that of an election, certainly 
lends weight to the assumption It would seem probable, there- 
fore, that all mass is electromagnetic, and that the nucleus of 
the hydiogen atom is the positire election, foi which such coii- 
timial soaich has been made Biitherford has proposed to call 
this particle a poion 

147. Constitution of atomic nuclei Admitting that the 
hydrogen nucleus is the unit of positive electricity, the com- 
position of the nuclei oi other elements can be deduced with 
some certainty Helium, the second element in the senes, has 
an atomic number 2, and, theiefoie, has a resultant positive 
chaige equal to twice that earned by the hydiogen nucleus. 

19 
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The mass of the helium atom is, however, veiy neaily four tunes 
that of the hydiogcn atom, so that, unless we are to assume that 
a furthei conceiitiation of the positive electricity takes place, 
four hycliogcn luielci will be leciuired to produce the nccessaiy 
mass The simplest hypothesis we can make is to assume that 
the hehiim nucleus consists of a gioup of four hy'diogeu nuclei, 
or four positive electi ons as we may call them, together with two 
negative electrons, thus producing a resultant ma^s of four and 
a lesullaut charge of two The dimensions of the a-particle as 
(1 educed from scatteimg expenraeiitb siijiport this hypothesis 
The pieseiice of negative elections in the nucleus itself seems 
to he rwpured by the phenomena of radio-activity The /B-rays 
ai e ej ected f i om i adm-fl ctive substances with enormous velocities, 
approaching in some cases withm I per cent ol that of hght, 
and Llu'se velocities eonlcl hardh' he ])io<hiced by the compara- 
tively weak elect) le loices hetucen the nucleus and its external 
electrons Tliev might, however, easily be piodnced by the very 
intense fields whicli must exist when a conipaiatively laige 
numhei ot chaigos aio concoiitiated within a volume as small 
as that of an atomic nucleus The eueigy ol the a-pai tides is 
jnohably duo to the same cause Ellis’s experiments on charac- 
terihtic y-iay» icM-almg tlie existence of eleclionio levels m the 
nucleus are stiong additional evidence on the point 
The existence of isotopes (§§ 58, 130), that is to say, of 
atoms ol identical, oi neaily identical, eheraioal and physical 
piopeities blit ot tbfleiing mass, also points to the composite 
chaiacter of the niielcus Tiie chemical and physical piopertios 
of an element aic uiuloiilit edly deteumiiecl by the mimber and 
anangement of the external elections in the atom, The mass of 
the atom depends only on the nucleus, on oui assumptions, on 
the luimbei of hvJiogeu nuclei contained in it It should be 
pnssilile, iberoforc, to bmld up atoms having the same nuclear 
charge, and thus the same atomic minibei, but diffeinig in mass. 
Thus a nucleus made up ol three hydrogen nuclei and one nega- 
tive electron, would have a resulting chaige and hence an atomic 
number of two ft would regime two external elections for its 
neutralization, and would thus exhibit the propeities of helium, 
except that its mass would be three instead of four In other 
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wolds it) would be an isotope o£ lieliura ft is possible that this 
IS the substance discovered by Sii J J Thomson in his positive 
ray photogiaphs, and there is some evidence of the production 
of such atoms by the collision of a-particles ivith other gases 
Since every nucleus is made up of an integral number of hydrogen 
nuclei, the nlasses of the difierent nuclei must be capable of 
being lepresented by a senes of whole numbcis This is in agree- 
ment with the obseivatioiis of Aston The fact that the atomic 
weight of hydrogen is rather greatei than unity, if integral n 
numbeis are assigned loi the masses of the other atoms, is i 
probably due to the fact that theie is a loss of energy when the i 
hydrogen nuclei aie combined to form a complex nucleus. This, \ 
on Einstein’s theory, would automatically involve a coiiespond- j 
mg loss of mass 

The significance of Soddy’s rules for determining the chemical 
behavioui of the radio-active substances (§ 139) at once be- 
comes apparent As the nuclear charge is equal to the atonim 
numbei of the element an inciease ol unity in the nucleai charge 
obviously moves the element one space forward, that is, one 
space to the right in the periodic table of the elements Thus 
the emission of a single /S-paiticle from the nucleus, which will 
obviously raise the resultant posrtive charge of the nucleus by 
unity, will move the element one space to the i ight, as suggested 
by Soddy Conversely the emission of an a-particle which 
cairies away two positive '‘atomic" chaiges with it, will de- 
ciease the positive nuclear chaige by two, and will thus move the 
new element to a position tivo spaces to the left in the periodic 
table All the elements occupying the same space in the table 
will possess the same nuclear chaige and hence the same atomic 
number The number and anaiigemenl of then external electrons 
will theiefoie be identical, and thus they will have the same 
chemical piopeities The atomic weight, and the mode of dis- 
integration depend on the stiuctuie of the nucleus itself, and 
hence may be difierent for different isotopes Owing to differ- 
ences in the internal airangement of the nucleus elements may 
even possess the same atomic weight, and still disnitegiate in 
different ways Such cases actually occur, for example, radium 
D and actinium B These substances are not merely isotopic. 
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but also have the same atomic weight The radio-active con- 
stants, and the products to which they give rise are, however, 
different for the two substances 

The actual structure of the nucleus is still obscure The fact 
that the a-paiticlcs emitted during radio-active changes consist 
of hehum, would suggest that the helium nucleus &s such forms 
a part of the stmeture of the heavier nuclei (see § 107) 

This IS also supported by Rutherford’s experiments on the 
disintegration of atomic nuclei The long range hydiogen 
])aiticles aie only e]octed from nuclei whose atomic mass is 
re])resouted by 4 n -i- p. where n is an integer, and p is not greater 
than S 'Ihese icsnlis stiongly suggest that when four protons 
are added 1 u a uncle ns 1 hey condense to form an a-particle From 
the comi'aiiiti\e ease uitli whieh they me ejected it would seem 
tliat (he ailfhtiunal jnolous oxei and above the number which 
run be combined mio groups of loui aie less (irmly attached to 
the mam slmeliiie and ieyoI\ e as satelldes aumnri it Tins is the 
suggestion inailc by IhitlieiJoid 

The ehieJ luet vliicli has so fai emerged as to tlic stnicturo of 
the main mass of (he nucleus is tliat of the existence of definite 
clectromc cncigv ]e\ els u iihm it, and tlie validity oi tlie quantum 
relation foi inleicliangcs between those levels (§ 122). Our 
knowledge is not. .sufHeicnt, houevor, to enalile us to asseif, that 
these levels take t lie same form, or arise fi om the same Criusea, as 
the energy levels outside the nucleii.s 

The radius of the nucleus can be deduced fioni accuiate 
exjieiimeiits on the scatt.euiig of the cc-particlcs Chadwick’s 
cxpcnmenl,s indicate that foi the heaviei elements the nucleus 
has a laduis loss than 10“’^ cm 

148 Arrangement of electrons m an atom. The Thom- 
son atom. If we accept these conclusions, the atom of an 
element of low atomic weight is a coiupaiatively simple stiuc- 
tuxe Thus the hydrogen atom would consist of a single positive 
nucleus, and one election , the helium atom would have a nucleus 
bearing a double positive chaige, with two electrons, and so on, 
each element differing from the one preceding it, in containing 
one additional charge on its nucleus, and one additional external 
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electron It would seem at first siglrt that the arxaugemeiit and, 
thcrofoio, the properties ol these systems should be easily 
calculable This, however, is far Irom being the case Numerous 
mathematical physicists have attacked the problem, including 
Hir .1 J Thomson, Schott, Nicholson, and Bohr 

The earliest solution of the problem of election grouping was 
obtained by Sir J J, Thomson on the assumptions that the 
jiositive electricity is uniformly distributed throughout a sphere 
of atomic radius, and fuither that the rings of elections are 
confided to a single piano Neither assumption is vahd, and the 
actual numbers have, therefore, no special significance They 
will, however, soive well to illustrate the nature and effect of 
the laws of electron grouping and are, moieover, of consideiable 
histone interest 

Bm any numboi of elcclaons up to five, it was loiind that they 
could anange themselves iii a single ring A rmg of six electrons 
was, liowever, nnstabJo, and hioke up into an outer ring of 
five, with a single election m the middle The rmg of six could, 
however, be made stable by placing a single election within it, 
and rings of seven and eight were also stable under the same 
conditions. An outer iing of nine, however, required tluee 
electrons to make it stable, and an outer rmg of 16 no less than 
twenty. For large values of the number n m the outer rmg 
the number requued inside it to ensure stability varies 
approximately as ii® These inner elections will arrange them- 
selves according to the same laws as the others and will thus 
break up into a series of iing systems as indicated in Table XIII 

The results are very suggestive In the hrst place it will be 
noted that a given grouping of electrons recurs again and again 
in the table Thus the grouping 11, 5, 1, which commences 
serie.s C, reciu’s again at the beginning of D with an extra ring 
of 15, and at the beginning oi E with a further additional 
ring of 17 \ye should expect that systems with the samo 
inteinal striictiire would exhibit very similar properties If 
ibis IS tlie ease we should also expect that these systems should 
be separated by otlieis having increasingly divergent properties 
This IS exactly what is found when the actual elements are 
airanged in ordei of their ascending atomic weights, elements 
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biicli as lithium, .sodium, potasbium, etc , having veiy similar 
properties, lecuiring from point to point in the table, while 
they are separated by other elements difleiing increasingly 
\iidely in character fiom them This ariangenient is dLstiiictly 
.suggestive of Mendelcei’s periodic law 


Table XIIT 


A Onteiung , 12 3 4 5 

B Outerrmg ! 5 G 7 8 8 8 ') 10 10 10 11 
Inner ung '11112333 4 56 


0 Outer tmg 11 11 11 U 12 13 13 13 13 13 14 14 15 15 
2nd ring 5 6 7 7 8 8 8 1) 10 10 10 10 10 11 

Istimg 111133 .3 3341556 


1) Outoj ling 
3id ling 
2nd 1 mg I 
1st ring ' 

E Outunnig > 

3id I mg I 
3nJ ling I 
Ibl ling I 


! 1.7 1.7 15 10 Hi 10 10 H> 10 10 10 17 17 17 17 

1 11 11 11 11 13 13 IJ 12 12 13 13 li 13 13 U 

j 7 () 7 7 7 7 8 S 8 8 ') ') 10 10 10 


17 17 17 
It 15 15 
U) 10 11 


Hii J J I'liomson was alilo to give .succeK,sfuI explanations of 
many of the chemical and physical properties ol the elements, 
01, at least to indicate the cliiection iii which such explanations 
.should be .sought Altliongh latei expeiiment.s have piovcd that 
the atom cannot lia\c the structuie suggested, i1 is impos,sible 
to overestimate the value and iinjiortancc of this ])ioncer work 
Sir J J Thomson was the first to dum()n.slrate the jiossibihty and 
to indicate the metliods of aecounling foi the chemical and 
physical piojicilies of matter m tei ms ol electionic stiucUiie, 
and progresh ha.s been nnidc veiy largely aloiiu the linos he has 
marked out, allhongh our ideas ol theshuclmc it, self have been 
ladically changed 

The decisive factor against the Thomson atom was it.s in- 
ability to account foi the scattering of a-paiLiclcs As we have 
seen the veiy large forces called into play during the collision 
of an a-particle with an atom, necessitate that thoir positive 



'lilE ELECTRON THEORY OF MATTER 295 

('liiirges must he able to approach to within a (hstance much less 
tlian the ladiiis oi the atom, in tact they must art like single 
point charges until their distance apait is of the order of one 
ton thousandth of the radius of the atom The maximum force 
exei ted by a sphere of electricity would be at its .surface, ami quite 
iii.sufficient ip magnitude to pioduce the absolved deflections 

149 Tlje Rutherford-Bolir atom These consideiations 
led Rutheiford to put forward his nuclear atom, which has 
been, aheady considoied in pait The obvious object’ons to the 
nucleai theory are that, according to the ordinary electro- 
magnetic theory such an atom would bo completely unstable, 
and further that if one stable configuration could be found 
there must be in addition an infinite number of other con- 
figurations which would also satisfy the conditions Thus, if 
the electrons are at rest outside the nucleus they mil be 
iinstahlo, but stability can be obtained (as in the similar case 
of tlio solar system) liy setting them into rotation with siutable 
velocities In this case, howevci, there bhonld he an infimtc 
number of possible orbits, since the only condition to be satisfied 
on classical theoiy is that f,ho centiifugal force, , shall be 
equal to the attractive force between the election and the 
nucleus Again, on ela.ssieal theory, the revolving electrons, being 
constantly accelerated, should radiate continuously, so that their 
energy, and hence velocity, would be continuously decreasing 
The model proposed seemed, theiefoie, to lack the two out- 
standing features of the actual atom, namely, stabihty and 
definiteness 

Sir J J Thomson has recently suggested that stability might 
be obtained if the Law of force between two charges at atomic 
01 ' less than atomic distances differed from that of the inverse 
square law, which holds in the case of larger distances The 
exjK'riments of Chadwick on «-ray scattering seem to negative 
this suggestion at any rate for distances greater than cm. 
and for positive charges The evidence for the inverse square law 
between negative charges is not so conclusive 

The .solution of the difiiculty as to the stabihty of the atom is 
clearly to be found along the hues of the quantum theory We 



296 IONS, BLECl’E.ONS AND IONIZING RADIATIONS 


have aheaily seen that in many instances the electron does not 
radiate coiitmuoiisly, as demanded by the classical theory, b,nt 
that it emits either a whole (luantum of energy, oi no energy at 
all Assuming that tlu'se conditions hold within the atom the 
quantum theory indieales the possilulrty that the revolving 
electrons may not he radiating energy, in wlqeh case tlic 
stability ol tbe nuclear atom v ouUl be assured 

It was left to llobr to make tbe biilhant suggcst^ion that the 
second difficulty, the imlohniteiresa of tlie atom according to 
ordinary mechanical principles, might also he eliminated by an 
extension of the quantum theory He suggested that a given 
orbit around the nucleus would only be stable, or ‘ stationary’’ 
as he called it, if the eneigy of the (dectron m the orbit was 
irdatod to the freipicucy ol revolution in the oi lut by a quaiitiuu 
iclationffiip Only orbits lor uliuh this lel.ition was satished 
were to be legardeil as stable oi st.dmmu'v, and only such orbits 
could li.ne a jx'Jiuuneut jiliue m tlie atomic simeturo 

The exact form m w Inch t lie quant uiii llieoi y should bo applied 
was not immediately ap[)aieuL Plamk's constant, lu has the 
dimeusioiih of energy time or momeutiuu distance The latter 
jirodiut IS sometimes laiowm as an ‘ action ” Jlohi assumed that 
an mbit -would he statioiiaiy if the electron lotating in it had an 
amount of “action’’ equal to an integral multiple of h, whicli 
may thus be legarded as the natrual unit of action For an 
electron descrihmg a circular orbit we have, theiofore, 

Wit' l-n) = >ih, (118) 

where > is the ladius ot tlie orbit, and n is .iiv iiitegei This may 
he e\])iesspd in the moie geiieial toim 

l-nmi-u) iiJi, . (]19) 

where w is the angular i elocily ol the electron 
A stationary orbit must satisty tins iclatioii, in addition to 
those requued hv oidinary mechanics Thus only a select tew 
ol tlie oihits mechanically jiossible aie pos.siblo eloctromc orbits 

150. Bohr’s theory of the hydrogen spectrum The 
fundamental tiuth ot Uolii’s assumptions was made eiadent by 
their startling success wdien applied to the case oi the hydiogen 
atom Since the hydrogen atom consists of a positive nucleus and 
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a negative electron, each of winch behaves as a point charge, the 
calculation of the stationary orbits can be made with certainty 
and exactness 

Let e, in bo the charge and mass of the electron, Ne and M 
the dull go and mass of the nucleus, and let ? he the radius of 
the orhit iDi v'luch the electron is moinng with a velocity v 
Eqii.iluig llie (cutiifugal force to the mutual attraction oJ the 
two chaigos we have as the mechanical condition of equilibrium 
mo^ _ Ne" 

’ 1 ~ 7® 


If T IS the tune of revolution of the electron in its orbit y = 27ri jr, 
and, substituting this value of v in the previous equation. 


i:-nhm Ne" 


am 


Apidying now Bohr’s second postulate the “stationary" orbits 
are to be distinguished by the relation 


2miu^oj - nh, 


01 , since 



Substituting this value m (120) we liavo 
_ _ 7iV?2 

^~ii?mNe^’ • • • 

which gives the radu of the possible stationary mbits All the 
quantities on the right-hand side of the equation are Icnown 
For the hydrogen atom, loi which A''=l, the rachus of the 
smallest orbit, obtained by putting n = 1, is 0 02 x 10“® cm 
The radii are proportional to the squaies of the natural numbers, 
and all the orbits except the first are outside the generally 
accepted value for the radius of the hydrogen atom 
The kinetic energy of the electron in its orbit is Imi" or 
Ne^j'Ir As the force between the electron and the miclens is 
attractive the maximum potential eneigy will be when the 
electron is at an infinite distance from the nucleus If IFoo is this 
maximum value, the actual potential energy at a distance 7 from 
the nucleus is ~e ~ 
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Tlie total energy in tlie oil)it is tlius 


substatiitmg for r from (122) , 

Now by the orclmary quantum i elation if an electron falls 
from an orbit of energy 11'^ to one of energy IF, the difterence 
is emitted as a monochromatic radiation of frequency v given by 

IF, -ir, 


'll 


I nhnN^-ei 1 1 _ I ] 
/r* bi'^ 


(I2f) 


substituting for II and If, from (123) For hydrogen N — 1 
Thus the hues in tin* s|)eetiani of the livdrogen atom should bo 
oht.amable liy substituting diflerent nitegial values for n and 
m tins eijnation ii is (he number ot the oihil into which the 
electron falls, iq that of the orbit fiom which it staits 

We have assumed, in the analysis, that the orbits aie circular, 
that IS to say that the mass of the electron is negligible ni coin- 
jianson with that of the iiueleus The necessaiy correction, winch 
IS easily made, gives for the hydrogen spectrum 
i/m e‘iV^ll_l) 
'^~-'’"i/|m> 

If we put N - 1 , u = 2, we have 


, „ Aim rMl 1 ) 


(126) 


whicli IS of the form ot the well-known Ihilmer’s hydiogen senes 
The relation, howevei, is moie than loimal The right-hand side 
of the equation consists onlj' of quannties which ate knoivn to 
an accuracy of appioximately I in 5(I0 The value of the constant 
outside the bracket is known, from spectroscopic observations, to 
an accuracy of at least one part in 2,U00,000 Any discrepancy 
would be fatal to the theoiy The agreement is, however, exact 
to wuthiu the limits witlun winch the various quantities are 
known 
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It 16 , cListoinary, in spectroscopy, to use instead of the fieqiiency u 
a quantity where e is the velocity of hght The 

Baliner’s series is thus given by v' = where R is 

known as Eydborg’s constant and has the value 1 -09677 x 10^ 
The c'oiresponding factor in (126) on evaluation gives 1 0955 x 10-’ 
The agreement is thus perfect, within the limits of experimental 
erior 

Other scries indicated by (125) are also known. Puttmg n = 1, 
we have a series m the ultra-violet discovered by Lyman, if we 



make n = 3, we have a series in the infra-red cbscovered by 
Paschen These hydrogen series are indicated diagrammatically 
in Fig 107 

Another system ivhich lends itself to exact calculation is that 
of the helium atom which has already lost one electron The 
spectrum of the lomzed hehum atom should be represented by 
(126) by making N = 2, the atomic number of hehum The series 
spectra for this atom should, therefore, be represented very 
nearly by the relation 



Series of this form have been known for some time, having been 
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fliwcovorecl ^ Pickering, and by Fowler They were formerly 
attributed to liydrogon Bohr’s foi miila, bon ever, indicates that 
the value ol the R> dberg constant should be sbglitly greater for 
heliimi than for hydiogen, since the mass, M of the inicleus is 
gieatei The sjiectroscojno data give R from the acknowledged 
hydrogen senes as 109077 001 and irom the Fowhi-Pickenng 
seiies as 1(i97’23-llJ H'his small difiereiice betaveeii the two 
constants ( an be used, in conjunction with (125), to c«,lculate the 
latio of the mass of an election to the mass of the hydrogen 
nucleus, assuming the known value for the atomic weight of 
helium C'ombimng this with the oleetio-cheimcal equivalent of 
hydiogeii ue obtain for ejm the value P7G9 x 10’ in emu 
agreeing with the best direct doterminations Foi the systems 
to whicli Bolii ’s tlieorv can bo i igorously applied it is thus ainjily 
jiistilied by Ibo resiills 

151. The normal hydrogen atom Bim o the hy drogen atom 
possesses only one election onl\ one ol the many stationary 
orbits tan actually be occupied at one time In the noinial 
eondition of the atom this will be the umeuuost one, since this 
IS the jiosition of miiiumim energy The remaining mbits are 
potential mbits only This is borne out by the dispersion of 
liydiogeii, wlucli is e.v])licab]c on the assumption that hydrogen 
possesses normally only a single absorption band in the ultra- 
violet 

it also ex])lains the latliei puzzling fact that hydrogen does 
not alivirl) selectively radiation corresponding to its own 
emission speetium Any srstem .should shew .selective alisorp- 
tion tm ladiation coiiesponding in frequency to its own natural 
liequeiicie.s, and the ellcrt i.s very well .shewn by the Fraunhofer 
lines in the solar spectrum, and the well-known reversal of the 
sodium Ime.s on pas.sing tinougli .sodium vapour 

In the laso of hydiogen, the orbits giving rise to the mam 
lines in the speetium aie not occupied noimally, and hence no 
selective alisorption is to be expected When, however, the gas 
IS ionized, then the electron on its return may occupy succes- 
sively one or more of these oibits before its hual return to the 
most stable of all Thus it is only when the substance is lomzed 
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tliat light la omitted. We might expect that selective absorption 
would occur when light is passed through the lomzed gas, and 
it IS interesting to note that Ladenburg obtained evidence of 
selective absorjition of the hydrogen luies in the Balmer series 
]iy passing tlie hght fiom a very bright discharge m hydrogen 
through a long tube coutaimug hydrogen which was kept feebly 
glowing liy a iinich weaker discharge 

It may also ho noted that a single atom at a given instant 
only emits a single hue of the whole spectrum An explanation 
of these phenomena on the lines indicated was given by Sir 
J J Thomson, piior to the complete theory of Bohr 

Assuming the electron to occupy the innermost oibit we 
should be able to calculate the ionization potential and the 
various resonance ]'otentialB (§ 32) of the atom The ionization 
potential is tlie woik which must be done to remove an electron 
from the inneimosb orbit to mfimty, and should therefore be 
given by Neji) This corresjionds to 13 7 ‘ volts ” This value is 
distinctly less than that obtained by direct experiment (§31) 

The direct experiments, however, are made not with hydiogoii 
atoms but with hydrogen molecules, and the eftect of the nucleus 
of the second atom in the molecule cannot be ignored We may 
assume that the molecule is first dissociated by electronic impact 
and then ionized The dissociation voltage of the hydrogen 
molecule cannot he calculated, since its structure has not yet 
been satisfactorily deteinnned B’rom chrect experiments the 
dissociation potential has been estimated by Langmuir at about 
h'd volts The ionization potential of hydrogen should thus be 
13 7 + 3 5 01 17 2 volts This agrees sufficiently closely ivith the 
experimental value It may be mentioned that many workers 
have recorded a “critical potential'’ for hydrogen at 13 4 volts. 
This is generally regarded as a resonance potential, but its value 
agrees closely with that calculated for the lomzation potential of 
the hydrogen atom 

162 Elliptic orbits Sommerfeld’s theory It can bo 
shewn that the circular orhits described in the previous sections 
arc not the only mbits winch will satisfy the mechamcal and 
quantum lelatious for a stationary orbit The mechamcal con- 
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(litious for staT)ility under the action of a central force can bo 
satisfied by a particle vibratmn; along a straight line passing 
thioiigh the centre of attraction, and if the particle possessed 
tlie appropriate cneigy tlic quaiitura conditions could also lie 
satisfied This type of motion is oln-ioiisly not possible as an 
electronic orbit as it would cairy the electron straight into tlie 
atomic nucleus lienee tor the innermost orbit, possessing only 
one quantum of action, or one quantum number as -it is called, 
the circular orbit is the only possibility 
This, however, is not the case with orbits of higher quantum 
number It is easy to shew that a particle describing an elliptical 



orbit around the nucleus as focus mil satisfy the mechqniciil 
conditions for stability As the jiarticlo describes its ellipse its 
distance fiom the nucleus ineieases and decreases alternately 
Its motion can thus be legarded as the sum of tiro motions, one 
along the ladius, the other at right angles to this The former is 
known as the radial, the lattei as the azimuthal motion Each 
of these motions must, separately, satisfy the quantum relation 
laid clown by Bohr Thus the total cpiantum number of the orbit 
may be dnuded between these two possible motions, and the 
eccentricity of (lie ellipse is determined by the mode of division, 
It IS customar)'' to represent the mode of division by giving 
first the total quantum number, and secondly the azimuthal 
quantum number of the orhit Tlie radial quantum number is 
the diftercnce between tliese hgures Thus if we consider the 
possible orbits for which n = 3 (sec § 149), we may represent them 
by the symbols Sg, 3^, Sj, 3o The 83 orbit has obviously a radial 
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qiiduhnn iiuiaiber of 0 There is thus no radial movement .and 
the orbit is the circular orbit already discussed The Sq orbit 
conversely eorresi>onds to motion only along the radius, and is 
impossible since the path would pass thiough the nucleus The 
remaining orbits and 3^ represent ellijises of increasing radial 
ino\eiTient aaid hence of increasmg eccentricity These orbits, 
togethei with those tor n — 2, are shewm in Fig 108 

Somraerfold has shewn that the elliptical orbits possess the 
same “ action” as the cn culai orbits of the same quantum number, 
and ’are, in fact, expeiimentally indistinguishable from them so 
long as the atom is not subjected to any external field of force. 
Thus Bohr’s calculation of the hydrogen spectrum is not aHccted 
111 any way by the possibility that some of the orbits described 
may be elliplical and not circular, as assumed On the other 
hand, the two kinds of orbits give use to different effects if the 
atom IS subjected either to a magnetic, or an electric field, and 
in this way Sommorfeld has been able to account for both the 
Zeeman and the Stark effects {§ 158) 

In the previous analysis it is assumed that the ma.ss of the 
electron remains constant This, however, is not exactly true, 
since the mass vanes with the velocity Hence the electron in 
an elliptic orbit has a rather greater mass when it is close to the 
nucleus than in the more distant portions of its path As a result 
the orbit is not exactly an ellipse, and the particle does not 
exactly retrace its path The oibit, iii fact, is actually an un- 
closed curve, but may be regarded as an ellqise of which the 
major axis rotates about the nucleus. This has been used by 
Sommerfelcl to explain the detailed structure shewn by spectral 
linos, under high dispersion. 

153. The electronic structure of the atom The prmciples 
enunciated by Bohr can only be ajiplied rigorously to the 
hydrogen atom and the ionized helium atom As soon as a second 
electron is added to the structure the problem becomes mechanic- 
ally identical with that of three gravitating bodies, which is still 
unsolved Thus no model which satisfies all the experimental 
data has been evolved even for such comparatively simple systems 
as the hydrogen molecule, and the neutral helium atom The 
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most probable suggestion for tbe lattei is that the two electrons 
eacli describe a circular orbit, tbe planes of tbe two orbits 
being inclined obliquely to each otbei at an angle of 120° 
(Pig 109) This model accounts satisfactorily for tlie optical 
spectra of helium but does not give the correct lonisiation potential 
The calculation of tbe orbits for the more complex atoms of 
higher atomic number obnoiisly presents formidable difficulties 
and uncertainties The most successful attempt to solve the 
})roblem is that of Bolir He starts from the observation that 
the loss of an electron during lomzalion apparently leaves the 
orbits of the other electrons unaltered This is supported by the 
tact that the energy ot the L level in an atom as calculated from 
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the X'lay einissioiv sjiectra agrees mth the value calculated horn 
absorption data (§ yn) 1 n the former case the K level has lost an 
electron, in the lattei it has its full complement, but the energy 
of the L level lemains tlie same He assumes then that the 
addition ol furthei electrons mil not change the iiatuio of the 
orbits alread}’^ occupied in the atom (they mil, ot course, shrink 
ouing to the inci eased nuclear attiaction), and attempts to 
calculate, partly from cneigy consideiations ami partly from 
oiitical data, wluch orbit of those theoietically possible the extra 
election will occupy The calculations are obviously laborious 
and complex, and have not yet been pubhshed in detail 

Bohr’s latest scheme is indicated, in part, in Table XIV The 
numbers m the vertical columns indicate the number of electrons 
describing an orbit of the type indicated (by its q^iiantum 
numbers) at the head of the column Thus beryllium is assigned 
two electrons describing circular orbits, the orbits being pre- 
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sumably oiossod as suggested for the helium atom, and two 
electrons describing elliptical 2 ^ orbits 


Table XIV 



154 Electron grouping and the periodic classification 
of the elements In one important aspect the scheme outlined in 
Table XIV resembles Thomson’s earlier solution of the problem 
It indicates that the total number of electrons which can occupy 
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a given energy level is limited Thus the K level can contain 
only two electrons, the L level only eight, and so on, and as on 
the carher theory the level when contammg its Ml coniplcnient 
of electrons forms a very stable structui’e In fact the completion 
of a given level always corresponds with the appearance of one 
of the inert gases, helium in the case of the K level, and neon m 
that of the L level The element of next highei niimbei must, 
therefore, contain a single electron m a higher levelp and accord- 
ing to Bohr this occupies the most eccentric of the orbits open 
to it in this new level Its course carries it far beyond the hmits 
of the structure of the rest of the atom (Pig 108) If we consider 
the sodium atom, for example, the two elections in the K level 
and the eight in the L level will form a comparatively close 
tangle around the central nucleus At external points therefore, 
the system mil act almost like a point charge, the magnitude of 
the charge being the difleience between the nuclear chaigo (11), 
and the electionic charges (10) The inner electrons practically 
screen the llj electron fiom the nuclear attraction when it is in 
distant jiarts of its track, and the attiaction is, therefore, only 
slight In other words the sodium atom would easily lose the 
3i electron, and acts as an eleciro-positive element An exactly 
similai state of aflaiis is obviously i cached after each element 
of the helium grouj) 

Magnesium, with two electrons m Sj orbits, can clearly lose 
both of them On the olhei hand, the screening ellect is slightly 
less eflicient, omug to the increase of one umt in the nuclear 
charge, and the element is divalent but rather less electro- 
})o.silive than sodium H’liese groupings recui from point to point 
m the fable, oi in othei woids Iho piopeitics of the different 
atoms will be a peiiodic hinctiou of their atomic number 

Bohr’s scheme, has, however, the meiit of accounting for the 
actual scheme of the jieiiodic table with an accuracy to which 
the eaihei Ihcories could lay no claim Coming down the table 
we hnd that argon is as.signed eight elections m the M level, 
and it iniisl lie assumed that this number produces a cpiasi- 
saturation of this level, foi Bolir’s calculations shew that the 
next election is bound, not in an M orbit, but in an eccentric 
orbit in the N level rotas,sium lias thus all the pronerties of 
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an alkali metal, and calcium of an alkali earth Furthei calcula- 
tion shews, iiowevor, that wnth the next atom, scandium, the 
most stable orbit for the new electron, owing to the increase in 
the nuclear charge, is not an orbit, but one of the circular 
orbits ol the M level, hitherto unoccupied Scandium has thus 
only two electrons in N orbits, and its electronic striictiue is 
radically diflerent from that of alumimiim We have, in fact, 
reached tlif begmmng of the first of the long periods in the 
periodic table The eight elections which satmate the ili level 
foi a nuclear charge of 20 oi less, no longer do so when the 
nuclear charge is increased beyond this, and for nuclear charges 
ol 29 and over the M level contains eighteen elections 

The piocess is repeated tnice m the iV level Thus kiypton 
has eight elections in this level, the next most stable orbit being 
in the 0 level The filling up of ten vacant places in the N level 
gives rise to the second long jieiiod, the structures ol corre- 
sponding elements in the two long senes being similar With 
xenon the N levels contain eighteen electrons, and the 0 level 
eight, both being tempoiarily saturated, Eaeh, however, is 
capable, with nuclei of higher chaigc, of accoramodatmg further 
electrons, and the filling up of these vacant inner oibits, leavmg 
the outermost structure almost unaltered, gives rise to the rare 
eaith senes, which hitheito it has not been possible to fit into 
any ordeily scheme 

A close study of Table XIV will no doubt suggest further 
relations between the Bohr scheme and Mendeleefs classifica- 
tion The fact that a table oi electron groupmg, drawn up from 
a few luiidameiital principles with the aid of purely optical data, 
should agree so closely with a table diawn up purely from 
chemical considei ations provides strong evidence that, although 
modifications of detail may be necessaiy, Bohr’s method of 
analysis and fundamental principles are sound 

156. Electron theory of valency, and chemical combina- 
tion The class of clieraical compounds in which the component 
atoms are each electiically charged is readily accounted for on 
the prmcijilcs of electron grouping We have already pointed 
out that tlio last electron in the atom ol an allcali metal is very 
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loosely atlaolied lo its micleua at the most distant part of its 
orbit, and is therefore not unhkely to he captiiied by some other 
nucleus We may assume, with 8ii J J Thomson, that an atom 
m which the number of elections in its outer level is only slightly 
lesis than that reqmred tor saturation has a strong tendency to 
bind an electron in one of its vacant orbits In short, the 
electromc vStiucture has a tendency to re vei t to that of the nearest 
inert gas Thus in the typically polar componneU potassium 
chloride each atom has the electromc structuic of argon, but the 
potassium nucleus has a resultant positive charge of two units 
more than the chlorine nucleus Each atomic system thus re- 
mains distinct and separate, and in the structural sense there is 
no '‘molecule'' of potassmni chlonde 

This, perhaps startling, conclusion is amply supported by 
oxpeiimeiit In the solid state the X-ray analysis of the ciystals 
shews that each potassium aiora is cquallv related to each of the 
sui rounding eight chlorine atoms (§ f)i j, and each chloiine atom is 
snmlaily related to eight atoms of potassium In solution the 
theoiy of electrolytic dissociation has long taught that the two 
atoms behave as independent entities These principles enable 
us to give an adequate account of the valencies oxeicised in the 
polar type of compound 

Sir J J Thomson lias, howevei, diawn attention to a second 
class of chemical comjiouncls in uhxcli the component atoms arc 
certainly not electncally cliaigi'd, (hat is to say in which theio 
has been no tiansfcicnce of an election liom one atom to the 
other 1’lie absence ol cliargc on the atoms of such compounds 
can ))e deinonstiated by then hcliaviour in the positive ray tube 
In the case ol the jiol.ii compounds tlic aloms, on dissociation 
by the discliarge, aic louiul to carry positive oi negative chaiges 
III the case of tlie lum-jiolai compounds, of which we can take 
tlie hydrogen oi oxygen molecide as typical, the individual atoms 
aic nol. chaiged on dissociation, and aie pTcsiimably therefore 
also luic barged in the molecule Eor these comjiouncls \vc Jciiow 
from the gas laws that the niolociilc acts as a single entity 

Langmuir, from piiiely chemical considerations, has proposed 
a static atom m which the electrons occupy the corners of a 
cube, and has assumed that the system will bo saturated if all 
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eight corners are occupied In the oxygen atom, with atomic 
number 8, subtracting the two K electrons, we have six electrons 
for the eight possible places If, now, a second oxygen atom is 
placed face to face with the first it is possible to aiiange that 
every corner shall be occupied by an electron, the four electrons 
occupying ^he corneis of the common face forming part of the 
structure of each atom (Fig 110 («)) 

The Langmuir atom has no physical basis, but it has been 
very successful m explaimng many obscuie phenomena of 
cliehncal combination Its more valuable features mil probably 
be translatable into the teims of Bohr’s theory In particular 
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the idea of one pan of electrons bemg shaicd between two atoms 
can be adopted without diflicnlty by imagiiimg tliat m the case 
of a non-polar compound two or more of the electrons, m the 
outer orbits, have their paths changed so that they describe 
new paths embracing both the atomic nuclei There is nothing 
improbable m tins supposition, but further analysis mil be 
iiecossary before the possibility and the forms of these orbits 
can be demonstrated 

Bohr suggested, some yeais ago, that in the simplest of these 
compounds, the hydrogen inolccide, the two electrons described 
a common ciicular orbit with its plane at light angles to the Ime 
joining the two nuclei (Fig 110 {&)) The model, however, did 
not give the correct ionization potential, and has been more or 
less abandoned 


156. The theory of X-ray spectra It is now possible to 
discuss ill rather more detail Bohr’s theory of X-ray spectra, 
which has already been dealt mth from its experimental aspects 
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in an earlier cliapter (§ 98) The cliaracteristic K radiation is 
emitted by electrons which fall back from various outer energy 
levels into the innermost ring The electrons in the li ring come 
directly under the influence of the nucleus, and the effect of the 
electrons in flic outer levels upon them is comparatively slight 
The energy of the K orbit is, therefore, governed almost entirely 
by the nuclear charge We can thus regard the K radiation as 
an example of the hydrogen type of spectrum, and, on fact, we 
must regard the Lyman hydrogen senes as being the K radiation, 
and the Balmei senes as the L radiation, of hydrogen. 

The K ladialioii of an element should thus be represented by 
an equation of the type (125), where n, the quantum nuiiibor of 
the arrival orbit, is put equal to I Thus for the K„ line, due to 
the transference of an election from the L to the K level, we 
slioiild bo able lo niite apjiroMinately 

A coirectioii must however, bo made in take into account 
the presence ol the second eh'clron lucsent in the K level of all 
elements ot Jiiglici atomic number than hydiogen Tlio negative 
charge on this eI(>ctron will i educe th(> oficctivo chaigo on the 
nucleus, so that ve must substitute lor iV a quantity N — b, 
where b is a constant which cannot be greatei iiian unity Wo 
thus arrive at the rel.ition for the A',, hue 
/ - IR {N - b)\ 

ivhicli Is ot exactly the form ot the empirical lelatiou given by 
Moseley Sulistitutmg its proper value toi Rydberg’s constant 
R, making A == Ki, the atomic, number of silver, and putting 
h = ] (appioMinately) we obtain as the calculated value foi the 
■svave length ot the 7i„ hue ot silver the value 0 57 " 10"® cm 
w'hich IS in good agi cement with the actual measurements 

The tact tliat tlie A'„ line is found to be a doublet is due, as 
Soinmcrtelcl hrst pointed out, to tlie possibility ot the L electron 
describing an elliptic as ivell as a ciiciilar orbit If the mass of 
the electron W'as indejicndent ot its velocity the energies of the 
two orbits would be the same, and the frequency of the line 
emitted by an electron falling from either of these orbits into 
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the K orbit would be the same The velocity of an election in 
its Dibit IS, however, so great, particularly with elements of high 
atomic number, that the variation of mass ivith speed cannot 
bo altogether ignored In a circular orbit the speed is constant, 
but in the elliptic orbit the speed and the mass of the electron 
are iiicrease/1 as it approaches the nucleus The energy in an 
elliptic orbit is, therefore, slightly less than that m a circular 
orbit, altlK^ugh the quantum number (which refers to “action” 
and not energy (§ 150)) is the same We have thus two critical 
absorption frequencies and eoirespoiidmg to the two kinds 
of L orbits, and two slightly different frequencies for the 
radiation corresponding to the energy difference — Wj^) 
and (T'Fjr^, — fVj^) The energy difference (IF^^, — TF^J has been 
calculated by Sonimerfold, and varies as the fourth power of the 
atomic number Tbe calculated frequency difference between the 
tivo components is in good numerical agreement with the 
observations The origin of the third L absorption frequency is 
not accounted for on the tbcory 

167 Orientation of the atom The “third” quantum 
number So far ive have been considering the atom as completely 
fieo from all external fields of force In jnactice no atom is 
entirely uninlluenced by magnetic or electric fields although such 
helds may be infinitesimally small Omng to the held of force 
the different planes through the nucleus in which the orbits of 
the electrons may lie are not identical There is always a unique 
direction marked out m space, the direction of the resultant 
field, which could be identified by sufficiently sensitive ap- 
pliances, and thus the space m which the atom lies is, to this 
extent, anisotiopic 

A rigorous application of quantum mechames demands that 
where a umque axis exists the movement in a plane perpendicular 
to this unique direction shall also be quantized, that is to say, 
equation (119) must apply to the resolved part of the motion iii 
this plane The Bohr orbits can, therefore, only lie m such a 
plane or planes in space as satLsfy this third conchtion If I is 
the “action” in the plane of the actual orbit of the electron, the 
“action” 7, in a plane petpendicular to the unique axis OZ will 
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be I COS a, wlierc a is tlie angle between the axis OZ and tlie 
normal to the plane of tbe orbit Tbe now postulate is that 
I^ — J cos a =- nji cos n sliall bo an inte^i al multiple of Planck’s 
constant, i e eos a ^ n, . (] 21) 

wliere is an integer ami is knoivn as the thud cpiantum number, 
b’or a one quantum orbit, u heie — J , tins can onl^' be satisfied 
il tbe plane of the orbit is either parallel or perpendicular to the 
direction of the field The atom must, therefore, be'’ onentated 
in one of these two dncclions, no matter how weak the field 
may be 

'Whth orbits of higher total quantum number the number of 
possible orientations increases Thus if n = 2, a may have the 
values 0°, ()(l°, ox 9(t° This orientation ol the atom ai the weakest 
fields, which is amply su])portecl byrecoiit oxjierimental evidence, 
leads to very impoiiant re.siilt.s in magnetic tlieory 

158. Emission of light. The Zeeman effect, it is outside 
the ]nmpose of this volume to deal with the application of Bohr’s 
theory to the ojitieal spectium of the elements Students may 
ho leferred io the woiks ot Sommeifold and N II Camjibell 
mentioned m the refinences at the end of tins chapter for full 
iiiformatioii on this point Historically the first accurate ]iroof 
that the vibrations constituting light wore emitted by electrons 
was piovided by the Zeeman efloct 

If a source of light, say, ioi example, a sodium flame, be 
placed between the poles of a stiong eleciiomagnet, and the 
light emitted be analysed by a poweifiil niteiierence spectro- 
meter, it IS found that the specti al hues emitted by the source 
are sjiht up into two or moio components If the line.? aie 
ohseived in a diiectiou at light angles to the magnetic field, 
the original line is seen to he aec-ompaiiied by two other lines, 
one on each side of it, and sopaiated from it, in the case of 
veiy strong fields, by a distance which may amount to as much 
as one-fifth of the distance sepaiatmg the two sodium lines It 
the light is viewed m a direction parallel to the lines of the field, 
the centre line disappeais, and the two outer components are 
seen alone This i.s known as the Zeeman effect The two outer 
components arc circularly polarized in opposite directions, when 
viewed along the lines of the field. 
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All explanation of the Zeeman efiect has been given by 
Loicnlz Since tlio systems emitting the light are influenced 
by a magnetic field they must obviously be charged Let e 
be the charge and in the mass of one of these vibrating systems. 
Assimiing that the vibrations are simple harmonic they may 
be le&olved jinto components perpendicular and parallel to the 
magnetic field. The vibrations parallel to the field will be 
unaflected by tbf' field since a magnetic field has no effect on 
a chaiged particle moving parallel to the lines of force. The 
component at right angles to the field may be regarded for 
convenience as equivalent to two equal and opposite circular 
rotations, e.xeciitcd in the same period, but in opposite directions 
In other words we may regard the paiticles as describing circular 
orbits of equal ladius, and in equal times, but in opposite 
directions 

Let f be the retauring force in the absence of the field Then 
since the motion is simple harmonic 
/=/.>, 

whore i is the ladius and k a constant Also by the oidinary 
mechanioal laws ^ 

If T IS the time of vibration, v = ^ , 

, 47T®W 

The field 7/ produces a force on the particle equal to Hev 
which since it is at right angles to the field and to the diiection 
of motion of the particle must always act along the radius. Since 
the two mbits are dcsciibed in opposite directions it will in one 
case be directed outwards, m the other inwards, along the 
radius The dii ection of the force depends on the direction of 
rotation and the sign of the charge and can be determined by 
the usual rule when these are known Thus, when the field is 
applied we have 

= la Hevi for the clockwise rotation 1 

" I , (128) 

niv„^ ^ , I 

= K) 2 + Hev^ for the counter-clockwise rotation 
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where e is supposed to cany its own sign. Substituting in 
these equations for it and for the velocities, we have 


itrhn __ irr^m „ 2^ 

"" T'2 

4Tr®m_4Tr^)U „ 2 tt 

or on subtracting 

= ~ ^-n-Ha , 

m ~ H TiTa ~ II 


(129) 


wilting 2\ for which is peimissible since the change pro- 
duced m the peiiods is very small But if X is the wave length 
of the light emitted A = cT wlieic c is the velocity of light 
Hence finally if Aq is the original wave l6ngt]i, A^ that of the 
clockwise distuibaiice, A<i that of the counter-clockwise rotation 

■ (130) 

m II A(,2 ' ' 

Thus if the particles cany a positive chaigo so that e is 
positive the com])Oiieiib ot greater wave length will be ciiciilaily 
polarized in a clockwise dnectioii, if negative it mil be polarized 
m a coiiiitei -clockwise direction, as viewed along the positive 
direction of the lines of the magnetic field The latiei is found 
expeiimentally to lie the case Hence the paiticles emitting the 
light aie nogativelv charged 

The component of the vibiation parallel to the field will 
produce no radiation m this direction, as a charged system 
givc.s no ladiation along the line of its motion (§ 77) If viewed 
at right angles to the field this component will give a line m 
the uiidisjilaced po.sit]on of the original line which will be plane 
polarized, the direction of the clectiic drsplaceraent being 
parallel to the field The two displaced lines will be plane 
polarized in a plane at right angles to tins, since fiom tins 
direction their orbits aie viewed end on. These predictions are 
verified by expenments 

Bunge and Paschen found that for a certain series of mercury 
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lines the value ol was — 2 14 for a magnetic field of 24,600 

gauss Substituting these values m the equation (130), we have 


This value agiees closely with the value of the same ratio for 
a negative election The systems emitting the lines m the 
spectra are,*theretore, elections 

The Loroiitz theory ignores all the conditions imposed by 
quantum dynamics The introduction of quantum considerations 
can be shewn to leave the solution unchanged Let us consider, 
lor simplicity’s sake, a single electron describing a one quantum 
orbit aioiiiid the nucleus The plane of the orbit must (§ 157) be 
either paiallel or jxirpendiculai to the magnetic field The efloet 
of a magnetic held on the electronic orbit can be determined by 
a well-known theoiein duo to Laimor He has shewn that the 
form of the oibit and the velocity with which it is described may 
be regarded as uiialteicd by the magnetic held il ive refer all oui 
quantities Lo a system of co-ordinates which rotates around the 
direction of the magnetic held mill an angulai ixdocityw given by 


« [( 



where H is the magnetic field. 

This velocity can be shewn to be small compared with the 
velocity of the election m its orbit The orbit may thus be 
regarded as of constant shape and size but precessing slowly 
around the direction of the magnetic field It can further be 
shewn that, if the precession is slow the quantum conditions will 
be iinafiected, and an n quantum orbit will lemain an n quantum 
Dibit in spite of the new piecessional motion This is known as 
the jirinciiile of a<haialiL imwiaiice The kinetic eneigy oi the 
election in its orbit will, howevei, in geueial be slightly altered 
Let us consider, for the sake of simplicity, a single electron 
describing a one quantum orbit about the nucleus The plane of 
this orbit must be (§ 157) cither parallel oi perpendicular to the 
lines of the field If parallel, the precession mil not change the 
kinetic energy of the electron in its orbit If, however, the orbit 
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IS perpendicular to the lines of force the velocity of the electron 
IS unchanged mth respect to the moiinq axes of reference. - If 
the axes move in the direction in which the electron is rotating 
in its orbit its actual velocity referred to a fixed axis is obviously 
increased If the two rotation.^ are opposed, it is dnniiiLshed 
Hence the energy of the electron in the orbit is citho.rincrea.sed or 
decreased according to its direction of rotation by some amount 
dT The frequency of the radiation emitted by an electron falling 
into the orbit from unthout the atom, will, by Bohr’,s principle, 
be decreased or increased by an amount given by 
h dv=±dT 

The single line will thus bo split up into three components, as in 
the Lorentz theory 
It can bo shoivii that 

where n. la the third, oi equatoiial (piaiituiu numbei in relation 
to the direction of the held (127) If we put lia ~ 1, we have 


h di/= h 


c>-± 


ell 

iTrnic 


The frequency difference between the two lines is thus 
which reduces to the Loieiitz formula, on substituting wave 
lengths for ficquencies It will be noticed that Planck’s constant 
has ihsappeared from (he final i elation 
A similai line of leasoning enable, s us to account for the 
decompo.sition of spectral Ime.s by a .strong olettric field (the 
Btaik eflect) This effect m not explicable in the classical theory 


159. Electron theory of metallic conduction The pheno- 
menon of the conductivitj'- of metals for electucity, at any 
rate as far as its mam outlines aie concerned, presents no 
difficulties on the electron theoiy We have seen (§ 64) that 
a metal contains free electrons which are capable of moving 
about through it, and behave very much as the molecules of 
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ail ordinaiy gas. The actual cause of emission of these electrons 
xs .peihaps not altogether clear, but all metals aie electro- 
positive, that IS to say, they are substances the atoms of which 
readily emit elections. The atmosphere of electrons is in 
eqiiilibiium with the atoms, and the number pei umt volume is 
thus kept copstaiit by a process analogous to that of evapoia- 
tioii We may regard the pressure of the electrons m the metal 
as analogous to that of a saturated vapour in contact with its 
own liquid 

We have seen (§ G4) that these elections partake of the 
energy of thermal agitation of the surrounding atoms, and may 
be treated bj' the oidinaiy principles of the kinetic theory of 
gases The velocity v of thermal agitation is, therefore, given by 
lmv^=^ad . . . (131) 

where a is a constant which is the same lor all gases, and 6 is 
the absolute temperature The velocity can thus be determined, 
for if m,, and are the mass and velocity of the hydrogen 
molecule we have = ad = I m,, 



But the velocity of a hydrogen molecule in a gas at 0° C. is 
1-842 X 10^ cm /sec. Hence 

1)2 = 2 X 1840 (1 84 X 105)2, 
n = 11 X 10® cm per sec , 

since the mass of an electron is about 1/1840 that of a hydrogen 
atom. 

These velocities are equally distributed in all directions and 
thus cause no traiisfeience of electricity through the conductoi 
It, however, an electric field X is applied it will cause a steady 
drift of the electrons in the opposite direction to the field, since 
the electrons are negatively charged The positive atoms being 
fixed do not move under the field and therefoie add nothing 
to the current Thus if n is the number of electrons per umt 
volume, the current across any cross section of the conductor 
of aiea A is given (6) by ^ 

where L is the mobility of the electron. The mobility of the 
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electron can be calcnlated in exactly the same way as the 
mobility of a charged ion in a gas and is therefoie (12) given 

by i - - 01 substituting for m from (131) by Thus 

2 m V ” \ I J 


. ne^X „ 


tie^Xv ^ 
ia6 ^ 


(132) 


If the held is uniform we have -T = ^ , where d is the length of 


the conductor and F the applied e m e. Thus i = ^ V, 
which leads at once to Ohni’s law. Comparing with the equation 


t = ctF where <i is the specific conductivity, we see that the 


specific conductivity is given by , and w constant for a 

given tcinjieratiiie The onlv quantities in this expression 
which vary for ddleient substances aie X and n It does not 
seem probable that the vanatioiis m X will be very great The 
conductivity of a substance theiefoio should depend mainly 
upon n, the number of free electrons per unit volume It is 
found experimentally that for most pure metals the conduc- 
tivity IS inveisely proportional to the absolute temperature 9 
Since a is a constant this leads to the result that nXv is indepen- 
dent of the tempeiatuie 


160, Kelation of electrical and thermal conductivities. 
Law of Wiedemann and Franz. Suppose that one part of 
a metallic conductoi is heated The electrons in the heated 
part have their velocities mcieased to coiiespond with the 
new value of the temperatuie The elections moving away 
liom the heated part will Iheieloic have a gieatcr energy than 
those moving towaids it There \m11 thus bo a tramsfeionce of 
energy from the hot to the cold part ol tlie conductor, or in 
other words there u ill be conduction of heat through the metal 
by the electrons It is known that iion-conductois ol electiicity 
aie very poor conductois of heat It seems probable therefore 
that the conduction by the electrons is very much greater than 
that due to the atoms ol the substance 
Assuming that the atmosphere of electrons in the metal can 



THE ELECTRON THEORY OP MATTER 


319 


1)6 treated as a gas, the thermal conductivity I, of the elections 
slwuld be given by ~ 

h = lnvaX .... (133) 


(see 0 Meyer, Kmehc Theonj of Oases), where n, v, a and A 
have the same significance as in the equation for electrical 
conductivity') Neglecting any conductivity due to the molecules 
this will be the thermal conductivity of the metal Thus the 
ratio of the* thermal to the electrical conductivity is given by 




ne^Xv\ _ 7) 


(134) 


The ratio of the thermal to the electrical conductivity should 
at a given temperature therefore be independent of the nature 
of the donductoi This is the well-known law of Wiedemann 
and Frans Again this ratio should be diiectlv proportional to 
the absolute temperature, that is, its temperatuic coefficient 
should be 3 G7 x 10“® pci degree Centigrade The following 
table shews that, for most pure metals, these deductions from 
the electron theory are very approximately true 


Table XV 

Ratio of theimal to electrical conductivity 




Teinpeiatuio 

Matonal 

kja at 18° G 

cooffiototit 

Hnpr., 

0 7 X 10“ 

3 9 X 10-3 

Silvoi 

fi 9 X 10“ 

3 7 X 10-3 

Gold 

7 1 X 10“ 

3 7 X 10-3 


7 2 .,10“ 

4 0 X 10-3 

Tm 

7 4 ,10“ 

3 1 X 10-3 

riatmum 

7 5^ 10“ 

4 () X 10-3 

PA'ladnini 

7 6 X 10i» 

4 0 < 10-3 

Iron 

8 0 X 10“ 

4 3 < 10-3 


We can moreover obtain a numerical value for the expression 
(134) Wo have (131) 


- 1 _ 1 (9 X 10 -"«) (llj< 

~2 d '^2 "'273 


10-^® (approx ), 


substituting for m the mass of an electron (§ 51) and for ?> 
its thermal velocity at 0° 0 (273° abs ), while 
e = 1-59 X 10-20 emu 
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Hence 


I 


TT/ 2xl0jw Y 
2 \1 59 x" lO-'^V 
7-4 X 101“ 


291 


at a temperature of 18° C. 

Tlie agreement of the calculated value with the .mean of the 
expeiimental results given m the table is very remarkable 
considering the nature of the assumptions made iiv the course 
of the argument, and the possible eirors m the data used, 
and may be regarded as giving considerable weight to' the 
electron theory of conduction 

Although the theory has proved so successful in this particular 
application it seems to be agreed generally that soinerfurther 
modification is requiied in our conception of the relation of tlie 
so-called free electrons lo the atoms of the metal Kameilingh 
Onnes, has, for cxamjile, .shewn that at certain temperatures 
appreciably above the absolute zero the re,si.stance ol certain 
metals suddenly falls lo zero, or lo a value so nearly zero that 
it IS incapable of detection For lead the critical temperature is 
2° 45 absolute, and .somewhat lower for tin and mercury This 
sudden fall of resistance is rpiite different to the gradual change 
ol resistance with temperature, and the curve between resistance 
and temperature is discontinuous at the critical temperature 

The phenomena imply that at and below the critical tempera- 
ture the electrons pass through the metal iiathout communicating 
any of their cneigy to the fixed atoms There i,s no coirespondmg 
change m the thermal conductivity, or indeed in any of the othei 
physical piopeities of the metal It has been suggested by 
Lindemami tliat the metal, at these low temperatures where the 
thermal agitations are sufficiently. shght,foims a crystal structure 
m which the points on the space lattice are occupied alternately 
by atoms nntl electrons A plane consisting only of electrons 
would be able to shp m aii}'- direclion in its own plane without 
coming into collision with any atoms, and therefore mthout any 
appreciable loss of energy The siipracoudiictivity of these metals 
would thus he an extieme example of the property which renders 
them also ductile and malleable At highei temperatures the 
excursions due to theimal agitation would be .sufficiently large 
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to bring tbe electron, in some part ol its path, mto tbe plane 
oecupied by atoms. Colbsions would thus occur if tbe electron 
plane were moving parallel to its length, and resistance to tbe 
motion would thus arise The whole subject is stall under dis- 
cussion and for a further account the student should consult the 
Eeport of t,he Solvay Conference pubhshed under the title 
Atonies el Elections, 1923 

161 Thermoelectric effects. If we assume that the number 
of electrons per unit volume is different, in different con- 
ductors, we can obtain a quahtative explanation of the various 
thei moelectrio effects. Thus, considering the electrons as a 
gas, if ,the number per unit volume in one conductor is 
greater than iii the other, the electronic pressure in the first 
will be greater than that in the second; so that when the two 
are brought into metallic contact there will be a flow of elections 
from the first to the second, until the charges earned by the 
electrons so traiisferied piodiice a diffeience of potential 
sufficient to prevent any furthei transference. There will thus 
be established a permanent contact difference of potential 
between the two metals 

Again if we wish to transfer electrons from the metal of 
lower to the metal of higher electronic pressure work must be 
done against this difference of pressure Thus when a cuirent 
IS sent through the junction work must be done and energy 
IS absorbed in the form of heat Similarly if the current 
IS reversed energy is liberated m the form of heat. This is 
obviously the Peltier effect 

An expression can easily be obtained for this effect Let it 
be the work done per unit quantity of electricity, tt is the 
coefficient of the Peltier effect Thus 


Now by the kinetic theory of gases 

jp =- = hiaO 

and since unit quantity of electncity contains ^ electrons 
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(where e is the electronic charge) the volume v occupied by the 

- electrons in the unit quantity transferred will be — where 
e X jjg 

It IS the number of electrons per unit volume 



where Nx and ^''2 are the numbers of elections per unit volume 
in the two conductois. This result was given by Sir J J Thom- 
son 

The phenomena just described have been dealt with to illus- 
trate the nature of the electron theory of matter and the kind 
of progress which has already been made In many directions, 
however, the theory is as yet only tentative, and the underlying 
assumptions still under discussion In particular until the 
actual ariangement of electrons in the atomic systems is more 
accurately deteimined, and until more is known as to the nature 
of the action which causes energy to be radiated and absorbed 
in definite “quanta,” the principles of the subject cannot be 
said to have been finally settled. Foi this reason, as well 
as for the reason that the mathematical analysis involved is 
often of the most intricate kind, we shall not pursue the 
subject further in the present volume. 
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Table of Atomic Data 


Eleotionio ohaige, e 

4 77i X lO-'o e.s units 

1-59 X 10~“ e m. units 

ejiii foi election 

1-774 X 10’ c m units pel giii 

Ma&h ot an election 

8 96 X 10-28 gm. 

Radius ot election 

1'9 s 10-2* (j„i 

h (quantum oonst.mt) 

6 55 X 10-” eig sec 

Mljm foi n-paitiole 

4 823 X 10’ e m units pel gm 

Mass ol a paitiole 

6 5 X 10--*’ gm 

(helium atom) 

e/m, hydiogen ion in 

9 649 X 10' e m units per gm 

solution 

Mass of hydiogen atom 

1 66x10-21 gm 

Radius ot hydiogen molecule 

1 21 X 10-8 cm 

Gas molecules pel c c at 

2 705x101’ 



Numbei of molecules in 1 gm 

616x1022 



Radius of nucleus of hydio- 

< 10-22 cm 

gen atom 


Radius ot nucleus of platinum 

10-22 cm approx. 

Radius of innei iing of elec- 

10-2“ cm. 

tions {K ring) for platinum 


Wave length of X-iays (ehai- 

0 56x10-8 cm 

acteiistio K lays horn 
silvei) 

Wave length of 7 rays 


10-»-10-2»cm 
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range of, 207, 284 
tiaek of, 41 

a laj 8, absorption ol, 200, 200 
heating efteot of, 281 
ionization by, 209 
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soiption, 231 
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deleimination of e/m foi, 223, 227 
healing cftect of, 281 
niagnetio deflection of, 222 
naluie of, 222 
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production of, fioin y lays, 237, 240 
scatteimg of, 231 

variation of nias» with velocity for. 
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r.ielei, 220 
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Bioivmaii inov ement, 46 
Blush disoliarge, 72 '■ 

Buclieisi, 228 

Oampbai, N B . 283 
Van. 09 

Cathode fall of potential, 8f 
glow, 75 
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magnetic spcetuiin ot, 08 
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inoduotion of X-ia\sfiom, 154, 156, 
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velocity of, 93, 100 
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Ctiambci, loni/alion, 14 
Clmi.'ioteiiatic (i lays, 240 
C'haiacteiistio y lays, 2,34, 241 
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wave lengths of, 182, 19,3 
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foi, 38, 41 

measuiemont of e by, 41 
tiaeks of paiUolcs b\ , 41 
Condensation on charged particles, 36 
Conductivity, of clischaige tube, 80 
ot flames, 130 

of gases, 7. see also gaseous oonduo- 

ot metals, 316 
of salt vapoiii's, 1,34 
Coohdge tube, 153 

Coipuscular radiation, secondary, 194 
OiooUb, Bit W , 1, 86, 243 
Crookes dark space, 76, 83 
held m, 79 
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C'loiMct, 101, 1S,1, 230 
Cunc, 223, 2o0, 200, 284 
^lue (uml), 201, 202 
Cunent, iom7atiun, measiiiciuent of, 
10, H 

satuiution, 16 

vaiiatiou of, withpiessuie, 17; with 
potential, 13 

3-rays, 263 
Daik discharge, 73 
Dark space, Ciookes, 76, 79 
Faiaday, 78, 79 
de Broglie, 197 
Delta), 2U 

Disohaige, at low pressiue, 75 


field’ui. 77 

number ol ions lu parts of, 79 
spaik, 07 et seg 
theoiy of, 82 
Diachaigo tube, 75 et icg 
Disintegration of atoms by collision, 
220 

of uianium, 243 

theory of ladio activity, 240, 248 
et seq 

Dolezalek elpolioiuotoi, 11 
Dosage, X-iay, 200 
Duane, 282 

c, collected valuoa of, 61 

deteunination of, 41, by Biowman 
movoinent, 40, by condensation 
expeiimcnts, 42, Millikan’s ex- 
peiiments, 4,3 
c/iii, loi n-rajs, 202 
for fl-rays, 223, 227 
foi cathode lays, 93, 98 
foi theiinions, 119 
table of values of, 99 
vaiiation of, ivith velocity, 227 
Electric field, action of, on charged 
pai tides, 92 
in discharge tube, 77 
in flame, 132 
in X lay pulse, 158 
motion of ions in an, 19 
Eleotiomagnetio mass, 225 
variation of, with velocity, 227 
Electiometei, Dole/alek, 11 

ineasuiement of current by, 10, 13 
Election, 2 

as negative eariiei in gaseous con 
duotion, 31, 32 
atomic natuie of, 45 
cliaige on, see e 
mass of, 225, 227 
ladiation Irom, 150 


Election (coif ) 
ladius of, 227 

iclnciti of theimal agitation ot, 317 
see nho /i laya, pihoto elections, 
theimions 

Election theory of atom, 287 et seq 
of metallic conduction, 316 
of theimoelectiicity, 321 
ol valency, 305 

Elections, aiiangemeut of, in atom, 
292, 295, 303 

numbei of, in atom, 1 04, 233, 289 
Electroscope, measiiiement of current 
by, 10, 13 
simple, 7, 237 
Wilson, 12 
Elliptic orbits, 301 
Bills, 219, 240, 242 
Excited activity, 262 
Expansion apparatus, 38, 41 

Earaday cylinder, 88 

dark space, 7b, 83, field in, 79, 
ionization in, 80 
tubes, 13b 

Elaines, conducting powei ol gusos 

conductivity of, 130 
distiibution of elect! 10 field ui, 
131 

lelatioii between cuircnt and potcii 
tial 111 , 1,14 

Eluoreseent X-iadiatioii, see ohaiao- 
teristic X-iadiation 
Fried) lili and Kniqiping, 166 

y rays, absorption of, 234 
charaoteiistic, 234 
nature of, 233 
pioduction of, 237, 241 
production ot (3-iays fiom, 237 
secondary, 217 
wave length of, 235 
Gascons conduction, measuiement of, 
10 

relation between curieiit and poten- 
tial foi, lb, 20 
theory of, 9, 17 
aeige), 215, 284 
Geological age, 279 
Glow, cathode, 75 el seq 
negative, 75 et seq 

Haqa and Windt, 105 
HaU value period, 251 
Helium, pioduction of, fioin uianimn, 
279, fiom o-paiticles, 203 
spectrum of ionized, 299 
Hehum nucleus, dimensions of, 219 
stiiiotuie of, 290 
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Homogeneons X latUation.see chaiac- 
tenstio X-iacUation 
Hull, 180 

Ilydiogcn atom, clectiochpraical equi- 
valent of, 40 
ina*!? of, 51 
stiiiotmo of, 300 

Hyihogen, eftcct of, uu tlieiiniomc 
einibsion, 124 

ionization potential ot, (i3, 301 
pioductioii of, fioni atoinio unolei, 
220 

Hychogeii apectiuni, tlieoiy of, 296 

Interfeionco of X-iays, Ibi d 
Inveise aquaio law, veiihoation of, ioi 
atomic eneouiiteis, 218 
faJino of, foi clow eiicoiinteis, 319 
Tonic moluhtiea. see mobility ot ions 
loiiiuin, 279 

Ionization by collision, >71 d >se« , foi 
negntn e ions. .74, foi iiositive ions, 
65 

ih.ainbei, 14 

uuienl, i,fC eniuiit, ionization 
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